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Chapter 1
General introduction - the role of auxin and gibberellin in tomato fruit set
An adapted version of this chapter was published by M. de Jong, C. Mariani & W.H. Vriezen
in Journal of Experimental Botany (2009) 60, 1523-1532.

General introduction
Chapter 1
General In troduction -  the role o f auxin and g ibbere llin  in tom ato fru it set
Maaike de Jong
" That the gaily-coloured fruit o f the spindle-wood tree and the scarlet berries o f the holly are 
beautiful objects, will be admitted by every one. But this beauty serves merely as a guide to 
birds and beasts, that the fruit may be devoured and the seeds thus disseminated.”
Charles Darwin
In his book On the origin o f species (4th ed.,1866), Charles Darwin described the fruit as a 
fleshy or pulpy envelope that mediates the dispersal of mature seeds. Based on this view, 
the evolution of the carpel is one of the features that may have contributed to the 
evolutionary success of the Angiosperms - the flowering plants - to become the largest group 
of terrestrial plants. In angiosperms, the carpel is the female reproductive organ that has 
differentiated into stigma, style, and ovary, which encloses the ovules. After successful 
completion of pollination and fertilization, the ovules develop into seeds, and the ovary 
develops into a fruit. The transformation from an ovary to a rapidly growing fruit includes 
molecular, biochemical and structural changes that must be tightly coordinated. Depending 
on the phase of fruit development, the temporal and spatial organization of these changes is 
mediated by phytohormones, such as auxin, gibberellin, cytokinin, abscisic acid and 
ethylene. That auxin and gibberellin also act as important factors early in the initiation of fruit 
development was already established in the early 20th century. However, to date, the 
complex regulatory network that is controlled by these hormones is still poorly understood. 
Nevertheless, this complexity in itself is just as beautiful as the appearance of a fruit.
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Scope o f th is  thesis
The aim of the research presented in this thesis was to gain more insight in the molecular 
mechanisms that regulate fruit set and development by the characterization and functional 
analysis of two members of the tomato (Solanum lycopersicum L.) AUXIN RESPONSE 
FACTOR (ARF) gene family, that previously were found to be differentially expressed during 
tomato fruit set (Vriezen et al., 2008). In general, ARFs represent a gene family of 
transcription factors that specifically control auxin-dependent developmental processes 
(Guilfoyle and Hagen, 2007).
Chapter 2 describes the characterization and functional analysis of SlARF7, the 
putative orthologue of Arabidopsis ARF7/NPH4, based on transgenic tomato lines in which 
SlARF7 transcript levels were reduced by RNA interference (RNAi) approach. The results 
indicated that SlARF7 acts as a negative regulator of fruit set. In Chapter 3, the expression 
of auxin- and gibberellin-related genes were analysed during the early stages of fruit 
development in wild-type and RNAi SlARF7 lines. Together with GA-measurements, this 
data showed that SlARF7 affects the signalling response pathways of auxin and GA and is 
part of the cross-talk between these two hormones. Chapter 4 provides a detailed 
expression analysis of SlARF9, the putative orthologue of Arabidopsis ARF9, based on real­
time quantitative PCR and transgenic tomato lines, in which the promoter sequence of 
SlARF9 is fused to a marker gene. Moreover, the function of SlARF9 was studied by SlARF9 
over-expression and RNAi SlARF9 silencing. The phenotypes of the transgenic tomato lines 
suggest that SlARF9 acts as a negative regulator of cell division during fruit growth. Chapter 
5 contributes to the understanding of the functional diversification of ARFs between tomato 
and Arabidopsis. The promoter sequences of both SlARF9 and AtARF9 were fused to a 
marker gene and introduced in Arabidopsis. Analysis of the expression patterns, together 
with the expression of SlARF9 in tomato, showed that the diversification in ARF9 function is, 
at least partially, mediated by a diversification in gene regulation. In the final chapter, 
Chapter 6, the results of the research are summarised and discussed.
The aim of this chapter, Chapter 1, is to consolidate the current knowledge on the 
role of auxin and gibberellin in tomato fruit set, from the initial physiological studies in the 
1930’s up to the transcript profiling experiments that were performed over the past few years. 
Recent research on fruit set induced by hormone applications has led to new insights into 
hormone biosynthesis and signalling.
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Tomato fru it set
Fruit set is defined as the transition of a quiescent ovary to a rapidly growing young fruit, 
which is an important process in the sexual reproduction of flowering plants. The tomato 
(Solanum lycopersicum L.) is one of the most studied fleshy fruits, representing the 
Solanaceae, a family that contains several other important fruit crops, such as the eggplant 
(Solanum melongena L.) and peppers (Capsicum spp.). The biology of tomato is highly 
favourable. It has a relatively short life cycle, has uncomplicated requirements for growth and 
maintenance, and although tomato is a self-pollinator, it is easy to cross-pollinate. 
Furthermore, a wide range of genetic resources, such as phenotypic divergent cultivars, 
intercrossable wild relatives, mutants, and genomic tools (Mueller et al., 2005a; Mueller et 
al., 2005b; Barone et al., 2008), such as BAC libraries and expressed sequence tags (ESTs), 
are available (Chevalier, 2007).
Tomato fruit set is very sensitive to environmental conditions, in particular, to too low 
or high temperatures that affect pollen development and anther dehiscence. Adams et al. 
(2001) showed that a constant temperature regime of 14°C or 26°C strongly reduced tomato 
fruit set as compared to a regime of 22°C. Nevertheless, the optimum growth temperature 
may vary, depending on the cultivar. As a consequence of this temperature-sensitivity, 
efficient tomato production is restricted to certain climatic zones. For this reason, tomato 
seed companies breed at different places in the world to develop cultivars suited for optimal 
fruit production under the local climate conditions. Nevertheless, even with these optimized 
lines it is often not possible to grow tomatoes during the summer in warm regions such as 
the Southern parts of Europe. In the more Northern parts, tomato production is only possible 
during the warm season, and even then only in modern greenhouses at the expense of a 
huge amount of energy for heating. So if fruit development could be less dependent on 
efficient fertilization this would be a big advantage for fruit production in areas that are now 
unsuitable for efficient fruit set. This requires an understanding of the regulatory mechanisms 
involved in fruit set. Therefore, tomato mutants that produce seedless fruit (parthenocarpic 
fruit) without the need for fertilization have been extensively studied.
Fruit set depends on the successful completion of pollination and fertilization (Gillaspy 
et al., 1993). When the flower of tomato is fully opened at the stage of anthesis (Figure 1a), 
compatible pollen has to germinate on the pistil and form a pollen tube. This pollen tube then 
grows through the style and the ovular micropyle to deliver two sperm cells in the embryo 
sac. There a double fertilization occurs; one of the two sperm cells fertilizes the egg cell, 
while the other fuses with two haploid polar nuclei in the central cell. Consequently, both 
embryo and surrounding tissues may generate signals that stimulate fruit growth. The tomato 
ovary is composed of two or more carpels, which enclose the locular cavities containing the
11
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Figure 1. Overview of tomato fruit development.
The first stage is the fruit set: the initiation of fruit growth after the flower has been successfully pollinated and 
fertilized. After fertilization, cell division takes place, which lasts up to 14 d. This period is followed by 6-7 weeks 
(wk) of mainly cell expansion, during which the volume of the fruit rapidly increases. Once the fruit has reached its 
final size it starts to ripen.
a) Flower at anthesis, awaiting pollination.
b) Fruit of 0.8 mm in diameter, 10 d after pollination.
c) Fruit of 3 cm in diameter, 5 weeks after pollination.
d) Ripe tomato fruit.
e) Micrograph of an ovary at anthesis.
f) Micrograph of the pericarp from a fruit, 0.8 mm in diameter.
g) Micrograph of the pericarp from a fruit, 3 cm in diameter.
Bar = 200 pm; p, pericarp; op, outer pericarp; ip, inner pericarp; pl, placenta; o, ovules.
ovules (Figure 1e). After successful fertilization, the development of the ovary into a fruit 
starts with a period of cell division which continues for 10-14 days (d) (Figure 1b, f). During 
the following 6-7 weeks, fruit growth mainly depends on cell expansion (Figure 1c, g) (Mapelli 
et al., 1978; Bunger-Kibler and Bangerth, 1982; Gillaspy et al., 1993). The carpel wall 
develops into the pericarp, and the placenta, to which the ovules are attached, develops into 
a gel-like substance, consisting of large, thin-walled cells that are highly vacuolated. At the 
end of the cell-expansion period, the fruit has reached its final size and will start to ripen 
(Figure 1d) (Gillaspy et al., 1993). Although the influence of phytohormones, such as auxin 
and gibberellin, over fruit development was already acknowledged back in the early 20th 
century (Gustafson, 1937, 1939; Wittwer et al., 1957), the molecular mechanisms that 
underlie fruit set are still largely unknown and are now starting to be unravelled.
Gustafson (1936) was the first to demonstrate that the application of substances 
closely related to auxins onto the stigmas of tomato and several other species causes the
12
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ovary to develop into a parthenocarpic fruit. The application of pollen extracts to the outside 
of the ovary showed similar results, which led to the hypothesis that pollen grains contain 
plant hormones similar to the growth substance auxin. After pollination, the pollen may 
transfer a sufficient quantity of these hormones to the ovary to trigger fruit growth (Gustafson, 
1937). Wittwer et al. (1957) showed that a second type of growth substance, gibberellins 
(GAs), can also stimulate parthenocarpic fruit set. Shortly thereafter, GA-like plant hormones 
were identified in different families of flowering plants (Phinney et al., 1957), leading to the 
assumption that these plant hormones are also involved in the fruit developmental 
programme. This idea was supported by the findings of Sastry and Muir (1963), who studied 
the effect of GA treatment on diffusible auxin levels in the tomato ovary. They determined the 
auxin concentrations of the flowers with a classical bioassay, in which the flowers were cut 
and placed on blocks of agar. Subsequently, the auxin content of these blocks was 
measured by the standard Avena curvature test. At the stage of anthesis, no auxin was 
present. However, auxin concentrations increased within 28 h after GA treatment, suggesting 
that it is not auxin, but GA that is transferred from the germinating pollen to the ovary. 
Subsequently, the GA may induce an increase of the auxin content in the ovary to levels 
adequate to trigger fruit growth (Sastry and Muir, 1963). Consistently, the concentrations of 
both growth regulators rapidly increase during the first 10 d after anthesis, probably after 
pollination and fertilization, which occur between 2 d and 6 d after anthesis (Mapelli et al., 
1978). In natural parthenocarpic varieties, these hormones might already have reached a 
threshold concentration prior to pollination, resulting in the formation of seedless fruit 
(Gustafson, 1939; Nitsch et al., 1960; Mapelli et al., 1978; Mapelli et al., 1979). The 
application of GA can induce an increase in auxin content (Sastry and Muir, 1963), but in turn 
auxin seems to be able to stimulate GA biosynthesis (Koshioka et al., 1994), which indicates 
that there is a tight regulation between these two hormones during the early stages of fruit 
development.
Auxin and g ibbere llin  at the ce llu la r level
Although the application of either auxin or GA can trigger tomato fruit development 
independently of pollination and fertilization, there are several indications that each of these 
hormones has different effects on cell division and cell expansion. Normally in tomato, the 
cell division period takes the first 10-14 d of development (Mapelli et al., 1978; Bunger-Kibler 
and Bangerth, 1982; Gillaspy et al., 1993). However, in fruit induced by the natural auxin 
indole-3-acetic acid (IAA) this period is shorter, only lasting 10 d, but cell division takes place 
at a higher rate compared with that in seeded control fruit, resulting in a fast initial increase in
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pericarp volume. At the end of the growth period the final number of cells is comparable to 
that of seeded fruit, but the IAA-induced fruit remain smaller as cell expansion is strongly 
impaired (Bünger-Kibler and Bangerth, 1982). Treatments with the synthetic auxins 4- 
chlorophenoxy acetic acid (4-CPA) and 2,4-dichlorophenoxy acetic acid (2,4-D) resulted in 
tomato fruits that were comparable in size to control fruits, but contained a higher number of 
pericarp cells (Bünger-Kibler and Bangerth, 1982; Serrani et al., 2007a). The stronger effect 
of the synthetic auxins might be ascribed to their increased stability compared to IAA, which 
is highly unstable. Alternatively, the IAA level may be regulated by different mechanisms that 
do not recognize the synthetic auxins. IAA can be conjugated to amino acids by IAA-amido 
synthetases, while 2,4-D has been shown to be a poor substrate for these enzymes 
(Staswick et al., 2005).
GA-induced fruits are generally smaller than seeded fruits. Although the pericarp 
volume of GA3-induced fruits is small, the pericarp thickness is comparable to that of seeded 
fruits. Furthermore, this pericarp contains fewer cells but with a larger volume than the cells 
of control fruits (Bünger-Kibler and Bangerth, 1982; Serrani et al., 2007a). These findings 
showed that cell expansion might be enhanced by GAs. On the other hand, this process 
might not be directly related to the application of GA, but might be an indirect effect due to 
the reduced cell division activity. However, a fruit induced by the application of GA together 
with 2,4-D or 4-CPA looks very similar in size and shape to a fruit induced by pollination 
(Bünger-Kibler and Bangerth, 1982; Serrani et al., 2007a), supporting the hypothesis that cell 
elongation and cell division activity are co-ordinated by a delicate balance between the two 
phytohormones. Alternatively, other phytohormones such as cytokinin might be involved 
(Mapelli, 1981).
Apart from differences in cell elongation and cell division activity, there are several 
other differences in the morphology of fruits obtained after auxin or GA treatments. 2,4-D 
treatment leads to an increased number of vascular bundles that are interconnected by 
transversal tracheids. These tracheids are not present in pollination- or GA-induced fruit and 
might be necessary for providing nutrients to the high number of pericarp cells in auxin- 
induced fruit (Serrani et al., 2007a). In pollination- or auxin-induced fruit, the locular cavities 
are filled with jelly, while in GA3-induced fruit or fruit induced by the application of a very high 
dosage of auxin, the locular tissue barely developed (Asahira et al., 1968; Serrani et al., 
2007a). Normally, the jelly develops from the placenta cells, the volume of which increases 
during fruit development and engulfs the seeds. In contrast, in GA-induced fruit, the ovules 
degenerate and the jelly does not develop well. In auxin-induced fruit, the ovules do not 
degenerate, but form pseudoembryos, which are seed like structures that originate from cell 
divisions of the inner integument (Asahira et al., 1967; Kataoka et al., 2003; Serrani et al., 
2007a). So far, their relationship to jelly development and parthenocarpic fruit growth is
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poorly understood. It has been hypothesized that these pseudoembryos produce hormones 
and can stimulate fruit growth in a way comparable to seeds (Kataoka et al., 2003).
Auxin  and g ibbere llin  at the transcrip tom e level
Tomato fruit set and early fruit development have also been studied at the transcriptome 
level. Lemaire-Chamley et al. (2005) performed a comparative analysis between developing 
fruit and other plant organs, and showed that most genes active in the fruit are not 
exclusively expressed there, underlining the ontogenic relationship between fruit and other 
tissues (Gillaspy et al., 1993). Apparently, tomato fruit development depends on the 
regulation of gene activity both in time and intensity (Lemaire-Chamley et al., 2005).
Vriezen et al. (2008) compared the transcriptomes from pollinated ovaries and GA- 
treated ovaries, collected only 3 d after pollination or treatment. The two treatments enabled 
differentiation between genes induced by pollination and fertilization, and genes involved in 
fruit growth. As it could be expected, pollination triggered genes that were not all triggered 
after the application of GA3 and vice versa. Several genes involved in the cell cycle were 
more rapidly induced by GA application than by pollination. Possibly, this difference can be 
explained by the time that pollen tubes require in order to reach the ovules, what would 
suggest that the induction of fruit growth does not take place prior to fertilization (Vriezen et 
al., 2008), and that the growth substances, which are present in the pollen (Mapelli et al., 
1978), are only released after the pollen tubes have reached the ovules and rupture to 
deliver the nuclei to the embryo sac. Nevertheless, the expression of certain genes, which 
might be involved in tomato fruit set, was found to be down-regulated after pollination, but 
before fertilization took place (Olimpieri et al., 2007). These findings suggest that there might 
be pollen-derived long range signals as well, which might be necessary to prepare the ovary 
for fertilization and the subsequent fruit set (O'Neill, 1997).
Pollination appeared to have significant effects on the expression of the auxin 
signalling genes, such as AUXIN/INDOLE-3-ACETIC ACIDs (Aux/IAAs) or AUXIN 
RESPONSE FACTORs (ARFs) (Kim et al., 1997; Guilfoyle et al., 1998), while these genes 
were hardly influenced by the GA treatment (Vriezen et al., 2008). In contrast to one of the 
first models of tomato fruit set, in which GAs may induce an increase in the auxin content 
within the ovary (Sastry and Muir, 1963), these gene expression data indicate that it is auxin 
that may act prior to GA in the onset of tomato fruit development. Furthermore, the 
comparative analysis of Vriezen et al. (2008) showed that the mRNA levels of several 
ethylene biosynthesis genes and genes involved in ethylene signalling decreased after 
pollination. At the same time, transcript levels of abscisic acid (ABA) biosynthesis genes
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seemed to decrease and the expression of genes involved in ABA degradation increases 
(Nitsch et al., 2009). These findings imply that the onset of fruit development depends on the 
induction of GA and auxin responses, while ethylene and ABA responses are attenuated.
Auxin  and g ibbere llin  s igna lling  com ponents
One of the first described auxin signalling components that might be involved in tomato fruit 
set is DIAGEOTROPICA (DGT). In tomato dgt mutants fruit set, fruit weight, number of seeds 
and locules per fruit were strongly affected (Balbi and Lomax, 2003). These mutants exhibit 
reduced auxin sensitivity (Kelly and Bradford, 1986; Mito and Bennett, 1995). Therefore, the 
diminished fruit set might be an effect of reduced auxin responsiveness of the ovary. The 
DGT encodes for a cyclophyllin, a peptidyl-propyl isomerase that catalyses cis-trans 
isomerization of proline residues in peptides. The exact role of DGT in auxin signal 
transduction is still unknown (Oh et al., 2006). Interestingly, the dgt mutation affects a 
different subset of the auxin responsive Aux/IAA genes, depending on the tissue. This 
suggests that DGT has a differentiated function in the regulation of the early auxin signal in 
different tissues (Nebenführ et al., 2000; Balbi and Lomax, 2003).
The mechanism of action in auxin signal transduction of the two recently identified 
AUCSIA genes is also unknown, but reduction of AUCSIA transcript levels by an RNA 
interference approach led to a pleiotropic phenotype that could be related to auxin, such as 
alterations in leaf development and reduced polar auxin transport in the roots. Interestingly, 
the AUCSIA-silenced plants formed parthenocarpic fruit when flowers were emasculated. 
The total IAA content in these flower buds was 100 times higher than in the wild type, which 
seems likely to be the cause of the parthenocarpic fruit growth. However, it is unknown 
whether the auxin accumulation is the consequence of an increased auxin synthesis, 
decreased auxin degradation, or altered auxin transport (Molesini et al., 2009).
Another component involved in tomato fruit set is IAA9, a member of the tomato 
Aux/IAA gene family of transcriptional regulators that are involved in many aspects of plant 
responses to auxin (Kim et al., 1997; Ulmasov et al., 1997b). The reduction of IAA9 transcript 
levels in tomato plants resulted in a pleiotropic phenotype. The transgenic lines formed 
simple leaves instead of wild-type compound leaves, and fruit development was initiated 
prior to pollination and fertilization. These phenotypes together with auxin dose-response 
assays showed that down-regulation of IAA9 leads to auxin hypersensitivity, suggesting that 
IAA9 acts as a transcriptional repressor of auxin signalling (Wang et al., 2005). Aux/IAA 
genes encode short-lived nuclear proteins, which can dimerize with ARFs while these are 
bound to the auxin response elements in the promoters of early auxin response genes
16
General introduction
(Ulmasov et al., 1997b; Ulmasov et al., 1999b). The ARF-Aux/IAA heterodimers restrain the 
transcription of the early auxin response genes, thereby inhibiting the auxin response 
(Ulmasov et al., 1997b; Tiwari et al., 2001). Current models suggest that auxin promotes 
Aux/IAA protein ubiquitination through the SCFTIR1 complex (Gray et al., 2001). As a result, 
the Aux/IAA protein is degraded by the 26S proteasome and the ARF is released from the 
repressive effect of the Aux/IAA protein, leading to the activation of the auxin response 
genes (Dharmasiri et al., 2005; Kepinski and Leyser, 2005). In turn, some of these auxin 
response genes encode for Aux/IAAs, such as IAA2 and IAA14, the transcription of which, 
like IAA9, is induced by auxin treatment of the unpollinated ovary (Serrani et al., 2008). The 
mRNAs levels of IAA2 and IAA14 were also found to increase in the pollinated ovary, 
specifically in the placenta and ovular tissues (Vriezen et al., 2008). It seems likely that in the 
presence of auxin, either after pollination or auxin application, de novo synthesized Aux/IAA 
proteins are rapidly degraded due to SCFTIR1-mediated ubiquitination. However, despite their 
rapid turnover, the transcriptional activation of these Aux/IAAs suggests that a minimum level 
of Aux/IAAs is required in order to create a negative feedback loop in the auxin signal 
transduction pathway, which enables the plant to fine tune the strength of the auxin response 
(Gray et al., 2001).
Recently, a new member of the tomato ARF gene family, SlARF7, the homologue of 
Arabidopsis ARF7, has been characterized. SlARF7 mRNA levels are high in the placental 
tissues of the mature flower, and rapidly decrease after pollination. Decreasing these levels 
by using an RNAi approach resulted in parthenocarpic fruit development, suggesting that 
SlARF7 may act as a negative regulator of fruit set. The parthenocarpic fruits displayed 
characteristics typically related to high levels of auxin and GA, which indicate that SlARF7 
might be involved in the crosstalk between these two hormones (de Jong et al., 2009b). In 
Arabidopsis siliques, ARF8/FRUIT WITHOUT FERTILIZATION (FWF) shows a similar 
expression pattern as SlARF7 (Goetz et al., 2006), and the mutated fw f allele triggers the 
formation of parthenocarpic siliques (Vivian-Smith et al., 2001). These similarities suggest 
that SlARF7 is the functional equivalent of AtARF8/FWF. Interestingly, the fw f allele contains 
a mutation in the putative translation initiation codon, but is still transcribed and probably also 
translated (Goetz et al., 2006), resulting in a truncated protein, which is missing at least part 
of its DNA binding domain. However, the exact nature of the mutant protein is still unclear 
(Goetz et al., 2007). Introduction of the fw f allele in wild-type plants also induced the 
formation of parthenocarpic siliques, even though endogenous AtARF8 transcript levels were 
not reduced (Goetz et al., 2007). These findings suggest that the aberrant form of AtARF8 
may compete with the endogenous AtARF8 protein in the formation of protein complexes. 
Introduction of the Arabidopsis fw f mutant allele in tomato also results in parthenocarpic fruit 
set, indicating that not only SlARF7, but also the tomato homologue of AtARF8/FWF,
17
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Figure 2. The two alternative models that represent the putative functions of AtARF8 and SIARF7 in fruit set.
a) The first model is a representation of the model that is currently accepted as the way ARFs and Aux/IAA 
proteins regulate auxin response genes. Before pollination, ARF8 activity is inhibited in a protein complex with 
Aux/IAAs, resulting in the repression of auxin response genes and fruit developmental genes. Upon 
pollination, the level of auxin increases and the Aux/IAAs are rapidly ubiquitinated and degraded by the 26S 
proteasome. This activates ARF8 resulting in the transcription of the auxin response genes and fruit 
developmental genes.
b) In the second model ARF7 activates auxin response attenuating genes that encode proteins that might 
repress the auxin response and thus prevent fruit set. After pollination, the inhibitory role of ARF7 is no longer 
required, the ARF7 transcript levels decrease and the activity of the ARF7 proteins that are still present might 
be inhibited by auxin-induced Aux/IAAs, such as IAA9.
SlARF8, plays a role in regulating tomato fruit set (Goetz et al., 2007). This hypothesis is 
supported by the findings of Gorguet et al. (2008), who identified SIARF8 as a candidate 
gene for two parthenocarpy QTLs. However, instead of being down-regulated after auxin­
treatment or pollination, SIARF8 transcript levels were found to increase after auxin 
treatment (Serrani et al., 2008), suggesting that although SlARF8 might have a function in 
tomato fruit set, it probably functions in a different manner than SlARF7 or AtARF8. The 
introduction of the aberrant form of AtARF8 in tomato may interfere with the protein complex 
formation of SlARF7 with other factors that might be involved in tomato fruit set, resulting in 
parthenocarpic fruit growth. So far, two different models have been postulated that might 
explain the function of SlARF7 and AtARF8 (Figure 2). The first model is based on the 
findings of Goetz et al. (2007), who suggests that the ARF8 forms an inhibitory complex 
together with an Aux/IAA protein, possibly IAA9, repressing the transcription of the auxin
18
General introduction
response genes and fruit developmental genes. Alternatively the inhibitory complex may act 
indirectly by preventing the ARF8 binding to the promoter of the auxin response genes. After 
pollination and fertilization, auxin causes the degradation of the Aux/IAA, so that the ARF8 
together with other signals and activators can stimulate the expression of early auxin 
response genes, initiating fruit growth. However, the down-regulation of the AtARF8 mRNA 
levels after pollination cannot be explained based on this model, unless the activation of the 
auxin response genes is no longer required once fruit set is initiated. Alternatively, other 
transcription factors, potentially other ARFs, can take over in stimulating fruit growth. The 
second model, as put forward by de Jong et al. (2009b), suggests that in the unpollinated 
ovary, SlARF7 acts as a transcriptional activator of auxin response attenuating genes, 
repressing the auxin and GA signalling pathways that are necessary to initiate tomato fruit 
development. This model accounts for the down-regulation of the SlARF7 transcript level 
after pollination, when repression of fruit development is no longer required. However, mRNA 
levels are not necessarily in accordance with the protein activity.
The only known GA signalling component that has been shown to be involved in 
tomato fruit set is SIDELLA (Marti et al., 2007). DELLA proteins restrict cell expansion and 
proliferation by repressing the GA-response gene activity. GA3 stimulates the ubiquitination 
of DELLA proteins and subsequent 26S proteasome-mediated degradation (Dill et al., 2001). 
Reduction of SIDELLA mRNA levels induced the formation of parthenocarpic tomato fruit 
(Marti et al., 2007). This fruit was smaller and had a more elongated shape than wild-type 
fruit. The pericarp contained fewer but bigger cells than wild type, which is similar to GA- 
induced parthenocarpic fruit (Bunger-Kibler and Bangerth, 1982). Thus the reduced SIDELLA 
mRNA levels in the antisense lines may allow the release of repression of downstream 
proliferating factors, involved in the GA signalling pathway, which are normally induced after 
successful pollination and fertilization (Marti et al., 2007). Thus SlDELLA also appears to be 
a negative regulator of fruit set by restraining the GA signal and thereby preventing ovary 
growth prior to pollination and fertilization.
Altogether, these findings show that, although fruit set depends on the positive growth 
stimuli generated by pollination and fertilization, fruit growth is actively repressed by negative 
acting factors in the mature ovary. However, some of these factors might not be derived from 
the ovary itself. Transgenic lines in which TM29, a tomato MADS-box gene, is down- 
regulated also produce parthenocarpic fruit. In addition, the flowers of these transgenic lines 
have an aberrant flower morphology, as the petals and stamens are partially converted to a 
sepaloid identity (Ampomah-Dwamena et al., 2002). In flowers of the tomato parthenocarpic 
fruit (pat) mutant, the anthers have also lost their organ identity as they are partially 
transformed into carpel-like structures. This observation led to the hypothesis that the 
parthenocarpy of the mutant is the secondary effect of a mutation in a gene controlling organ
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identity and development (Mazzucato et al., 1998). However, the pat mutant is not mutated in 
the B class MADS box genes (Mazzucato et al., 2008), the class of homeotic genes that 
specify stamen identity together with class C genes (Coen and Meyerowitz, 1991; Weigel 
and Meyerowitz, 1994). Nevertheless, fruit set may depend on negative factors derived from 
inter-organ communication between anthers and ovary (Vivian-Smith et al., 2001), and 
therefore the right definition of floral organ identity is required.
Most of the auxin and GA signalling components identified, that may have a 
regulatory role in tomato fruit set, seem to be negative regulators. Apparently, the 
development of the ovary into a fruit prior to pollination and fertilization is actively arrested in 
order to prevent parthenocarpic fruit growth, which would be a waste of energy to the plant.
G ibberellin b iosynthesis
In higher plants, GA is metabolized through several stages. The early stage, common to all 
systems that have been studied, is the conversion of trans-geranylgeranyl diphosphate 
(GGPP) to GA12-aldehyde (Hedden and Phillips, 2000a). The later stage consists of two 
parallel pathways. In the non-13-hydroxylation pathway, GA12 is metabolised to GA9, while in 
the early-13-hydroxylation pathway GA12 is metabolised to GA53 by a 13-hydroxylase, and 
then to GA20 by GA 20-oxidases (GA20oxs). Subsequently, GA 3-oxidases (GA3-oxs) 
hydroxylate GA9 and GA20 to the bioactive GA4 and GA1. Alternatively, GA9 and GA20 can be 
converted to GA7 and GA3 (Hedden and Phillips, 2000a). The young tomato flower bud 
contains metabolites of both the non-13-hydroxylation and early-13-hydroxylation pathways, 
whose levels decrease progressively during ovary development (Fos et al., 2000). After 
pollination, the total GA content within the ovary increases again, although low levels of the 
metabolites of the GA4 biosynthetic pathway are detected (Bohner et al., 1988; Koshioka et 
al., 1994; Serrani et al., 2007b). These findings suggest that the early-13-hydroxylation 
pathway is mostly used in the growing ovary (Fos et al., 2000). The hydroxylation of GA20 is 
likely to be the limiting step in this pathway, since 7-15 d after pollination the levels of GA20 
were found to be much higher than those of GA1 (Bohner et al., 1988; Koshioka et al., 1994). 
In accordance, the transcript levels of two out of the three tomato GA 20-oxidase genes, 
SlGA20ox1 and -2, rapidly increase after pollination, while the transcript levels of the GA 3- 
oxidase genes decrease after anthesis to a similar level in both unpollinated and pollinated 
ovaries (Rebers et al., 1999; Olimpieri et al., 2007; Serrani et al., 2007b). The increase of the 
GA content after pollination could also result from diminished bioactive GA deactivation by 
GA 2-oxidases (GA2-oxs). In tomato, five GA2-ox genes have been characterized and they 
are all expressed in the unpollinated ovary. However, 5 d after pollination their transcript
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levels are similar to those in unpollinated ovaries, suggesting that during early fruit 
development the increase of GA biosynthesis is mainly caused by the up-regulation of 
SlGA20ox1 and -2 expression, and not by a reduction of GA deactivation (Serrani et al., 
2007b). However, RNAi lines with reduced transcript levels for SlGA20ox1, -2 or -3 were still 
able to set fruit, despite the fact that the GA content in the SlGA20ox1 and SlGA20ox2 
transgenic lines was significantly reduced as compared to that in the wild type (Xiao et al., 
2006). Nevertheless, it is possible that the GA 20-oxidases, especially SlGA20ox1 and -2, 
act redundantly in the fruit developmental programme, and need to be silenced altogether to 
have an effect on fruit set.
The natural parthenocarpic tomato mutants pat and pat-2 accumulate high levels of 
GA20 in the unpollinated ovaries (Fos et al., 2000; Olimpieri et al., 2007). Probably, this 
accumulation leads to the synthesis of bioactive GA, resulting in parthenocarpic fruit growth 
independent of pollination and fertilization. Accordingly, SlGA20ox1 was found to be 
expressed at high levels throughout ovary development and fruit growth in the pat mutant 
(Olimpieri et al., 2007). In the wild type, the transcript level of a negative regulator of the GA 
response, SPINDLY (SPY), increases at anthesis and decreases again after pollination. By 
contrast, in the pat mutant this increase did not occur (Olimpieri et al., 2007). The 
KNOTTED-like homeobox (KNOX) genes, which might be direct repressors of GA20ox 
expression (Hay et al., 2002), are also highly expressed at anthesis in wild-type plants, and 
transcript levels decrease after pollination. In the pat mutant, KNOX  transcript levels already 
decrease prior to anthesis (Olimpieri et al., 2007). These findings indicate that SPY and 
members of the KNOX-gene family might also act as negative regulators of fruit growth, 
directly repressing GA signalling and biosynthesis, respectively, in unpollinated ovaries. The 
parthenocarpic phenotype of the pat-3/pat-4 tomato mutant also depends on GA, but in 
contrast to the pat and pat-2 mutants, the entire early-13-hydroxylation pathway is enhanced, 
resulting in a high content of GA1 and GA3 in the ovary before pollination (Fos et al., 2001). 
Hence, the pat, pat-2 and pat-3/pat-4 gene products seem to interact with different parts of 
the GA metabolic pathway. However, the nature of these genes and their gene products is 
still unknown.
Parthenocarpic tomato fruit induced by the synthetic auxin 2,4-D also contains high 
levels of GA1 and its precursors, similar to levels in pollinated ovaries. In accordance, 
expression levels of GA20-oxs and SlGA3ox1 were found to be high in the parthenocarpic 
ovaries as compared to levels in the unpollinated ovaries, whereas transcript levels of 
SlGA2ox2 were low (Serrani et al., 2008). Moreover, the induction of parthenocarpic fruit 
growth by auxin is negated by GA biosynthesis inhibitors (Serrani et al., 2008). These 
findings indicate that auxin induces fruit set by enhancing GA biosynthesis and diminishing 
GA inactivation, suggesting that auxin acts prior to GA as the early post­
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pollination/fertilization signal. However, the conversion of GA53 to GA44/19 metabolites in the 
early-13-hydroxylation pathway is not induced by auxin application, while it is induced after 
pollination (Serrani et al., 2008). Furthermore, the transcript levels of SlGA3ox1 and 
SlGA2ox2 change differently in response to auxin treatment or pollination (Serrani et al., 
2008). These differences imply that, although auxin may act as one of the first signals that 
trigger the fruit developmental programme, the signal transduction pathways induced by 
pollination and fertilization do not form a single linear cascade via auxin to GA. It is likely that 
the growth stimulating signal is partially transduced independently of auxin to stimulate GA 
biosynthesis (Figure 3).
Figure 3. A model integrating the role of auxin and GA in tomato fruit set.
The levels of both hormones increase after pollination, resulting in the activation of auxin and GA response 
genes, which, in turn, will trigger fruit growth by regulating cell division and cell expansion. The auxin response is 
tightly regulated in a complex network, although the functions of some of the components in this network, such as 
AUCSIA and DIAGEOTROPICA (DGT) are not yet clear. Before pollination, the auxin response is inhibited by 
ARF7 and Aux/IAAs, but upon pollination, these negative regulators are inhibited or degraded by the 26S 
proteasome and the auxin response genes are transcribed. Some of these auxin response genes are Aux/IAAs, 
which create a negative feedback on the auxin signalling response. The GA signalling pathway is also subjected 
to feedback regulation, as GA stimulates the degradation of DELLA, a repressor of GA signalling, through the 26S 
proteasome. However, GA does not regulate fruit growth independently of auxin, since auxin seems to be able to 
stimulate GA biosynthesis through the transcriptional activation of GA 20-oxidases (GA20oxs). Moreover, other 
factors such as TM29 and PAT, which might be derived from anthers, petals or sepals, also seem to have an 
important regulatory role in fruit set. The regulatory roles of other hormones, like ethylene, abscisic acid, and 
cytokinin are not included in this model, but these factors also contribute to the regulatory network that is required 
for the tight co-ordination, both temporarily and spatially, of fruit growth.
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Source of auxin
The hypothesis that pollination and fertilization induce fruit growth partially independently of 
auxin is also supported by the differences in fruit growth between pollinated and auxin- 
induced fruit, as described earlier. Alternatively, the endogenous hormone levels might be 
differently affected after pollination or auxin application since both situations have a different 
source of auxin. So far, it is unclear where the first auxin is produced after pollination, or 
whether it is transported to other tissues of the ovary.
It is well established that higher plants, such as tomato, use both tryptophan (Trp)- 
dependent and Trp-independent pathways to synthesize IAA. The IAA biosynthesis via Trp 
has been studied for a long time, but most genes of the enzymes involved in the Trp- 
independent route are yet to be identified (Woodward and Bartel, 2005). The auxin 
biosynthesis pathways are non-redundant, each pathway acts in a tissue-specific and 
developmental stage-specific manner (Woodward and Bartel, 2005; Zhao, 2008). Tomato 
plants, homozygous for the sulfurea mutation, suffer from auxin deficiency, which is probably 
due to defects in the Trp-independent pathway. Auxin deficiency was largely confined to the 
shoot meristems, but also frequently resulted in abnormalities in floral morphology, including 
missing floral organs, fused organs, and homeotically transformed organs (Ehlert et al.,
2008). However, fruit development in the sulfurea mutant was unaffected, indicating that the 
auxin synthesis in developing fruits occurs via the Trp-dependent pathway. These findings 
correspond to the results of Epstein et al. (2002), which showed that there is a switch from 
the Trp-dependent to the Trp-independent auxin production, occurring between the mature 
green and the red-ripe stages of tomato fruit development.
During fruit development, two peaks of auxin are observed. The first peak reaches its 
maximum 8  d after pollination at the end of active cell division, and the second peak reaches 
its maximum at 30 d. The latter was not found in parthenocarpic fruit (Mapelli et al., 1978), 
suggesting that at least during the later stages of fruit development, the embryo supplies the 
auxin necessary for continued fruit growth. The observations that parthenocarpic fruit are 
generally smaller than wild-type fruit (Mapelli et al., 1978; Sjut and Bangerth, 1982) and that 
there is a positive correlation between final fruit size and number of seed in the fruit (Varga 
and Bruinsma, 1976) support this hypothesis.
Lemaire-Chamley et al. (2005) showed that candidate key genes for auxin 
biosynthesis, transport, signalling and responses were already expressed in the locular 
tissue during the early stages of fruit growth. More detailed analysis of genes differentially 
expressed between the locular tissue and the outer pericarp, revealed that the expressions 
of these genes follow a gradient from the central part of the fruit (placenta and locular tissue) 
to the outer part of the fruit (Lemaire-Chamley et al., 2005). It is possible that in response to
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pollination and fertilization, the auxin is newly synthesized or hydrolysed from its conjugates 
in the central parts of the tomato fruit, the developing ovule and/or its surrounding tissues, 
respectively, and subsequently transported to the outer layers. This transport leads to the 
formation of the auxin gradient in the fruit tissues, which is translated into auxin responses, 
such as cell division, cell expansion, and into cross-talk with other hormones, such as newly 
synthesized GAs (Lemaire-Chamley et al., 2005).
Conclusions
Auxin and GA are general growth factors involved in many developmental processes 
throughout the plant. Nevertheless, they play a major role in the onset of fruit development, 
which is a very specific process. Most of the putative regulators of tomato fruit set that have 
been identified so far are common signalling components of these hormones, and reduction 
of their expression often results in pleiotropic effects in plants, including parthenocarpic fruit 
growth. In order to make a general developmental process, such as growth, subordinate to 
pollination and fertilization, as in the case of fruit set, a tight network is required to regulate 
the expression and function of these common signalling components. Figure 3 shows a 
possible model for such a network of signals that after pollination converts an ovary into a 
fruit. This network includes positive and negative feedback loops in the signal transduction 
pathways of auxin and GA. Moreover, it comprises cross-talks between growth regulators, in 
which auxin can promote the biosynthesis of GA, but other growth regulators, such as 
cytokinin, ethylene, and abscisic acid may also play a role. These hormones together 
ultimately control the expression of the genes that are actually involved in fruit development, 
a network which is slowly being unravelled. It is remarkable that several basic questions that 
seem very obvious have not been answered using the techniques of the last decade. For 
example, where and when are the first auxin and GA produced after pollination, and are they 
transported to other tissues of the ovary? The first questions could be answered using the 
promoters of known tomato auxin response genes and GA biosynthesis genes, to drive 
marker genes. Likewise, auxin transport can be studied using the tomato orthologues of the 
auxin efflux carriers, known as PIN proteins in Arabidopsis. When the full genome sequence 
of tomato becomes available in 2009, hopefully, new genes that function in the fruit initiation 
and developmental pathways of tomato and related species will be identified, and so this 
complex network will be better understood.
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Chapter 2
The Solanum lycopersicum  AUXIN RESPONSE FACTOR 7 (SIARF7) regulates auxin 
signalling during tomato fru it set and development
Maaike de Jong, Mieke Wolters-Arts, Richard Feron, Celestina Mariani and Wim H. Vriezen 
Abstract
AUXIN RESPONSE FACTORs (ARFs) are encoded by a gene family of transcription factors 
that specifically control auxin-dependent developmental processes. A tomato ARF gene, 
homologous to Arabidopsis NPH4/ARF7 and therefore designated as Solanum lycopersicum 
ARF7 (SlARF7), was found to be expressed at a high level in unpollinated mature ovaries. 
More detailed analysis of tomato ovaries showed that the level of SlARF7 transcript 
increases during flower development, remains at a constant high level in mature flowers, and 
is down-regulated within 48 h after pollination. Transgenic plants with decreased SlARF7 
mRNA levels formed seedless (parthenocarpic) fruits. These fruits were heart-shaped and 
had a rather thick pericarp due to increased cell expansion, compared with the pericarp of 
wild-type fruits. The expression analysis, together with the parthenocarpic fruit phenotype of 
the transgenic lines, suggests that in tomato SlARF7 acts as a negative regulator of fruit set 
until pollination and fertilization have taken place, and moderates the auxin response during 
fruit growth.
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Introduction
The fruit developmental programme can be considered as a complex of events, including 
molecular, biochemical and structural changes that must be tightly coordinated. Depending 
on the phase of fruit development, the temporal and spatial organization of these changes is 
mediated by phytohormones, such as auxin, gibberellin, cytokinin, abscisic acid and ethylene 
(Nitsch, 1970; Gillaspy et al., 1993; Ozga and Reinecke, 2003). Auxin and gibberellin (GA) 
also act as important factors early in the initiation of fruit development. Application of either of 
these two hormones on ovaries of tomato (Solanum lycopersicum L.) leads to fruit set 
without the need for pollination and fertilization, and results in the formation of seedless 
(parthenocarpic) fruit (Gustafson, 1936; Wittwer et al., 1957; Gustafson, 1960; Bünger-Kibler 
and Bangerth, 1982). In normal fruit development, successful pollination and fertilization 
induce an increase of the auxin and gibberellin contents within the ovary (Mapelli et al., 1978; 
Sjut and Bangerth, 1982; Koshioka et al., 1994). In accordance, both auxin and GA response 
genes were found to be up-regulated within 48 h after pollination, suggesting an induction of 
auxin and gibberellin signalling (Vriezen et al., 2008). In particular the expression of GA- 
biosynthesis genes such as GA 20-oxidases and GA 3^-hydroxylases were strongly up- 
regulated after pollination (Rebers et al., 1999; Serrani et al., 2007b). In pea, the increase of 
GA content upon pollination is associated with an increase in GA 20-oxidase expression (van 
Huizen et al., 1997), and in turn, this GA 20-oxidase was found to be regulated by auxin 
(Ross et al., 2000; Ross and O’Neill, 2001). Moreover, in tomato, none of the auxin signalling 
genes seemed to be significantly influenced by gibberellin treatment (Vriezen et al., 2008), 
suggesting that auxin may act prior to gibberellin. It is possible that pollination induces an 
auxin signal and as a consequence, an induction of the biosynthesis of bioactive gibberellins, 
thereby stimulating fruit set (Ozga and Reinecke, 2003).
The molecular mechanism by which auxin mediates fruit set is still largely unknown. 
So far, only two genes involved in the auxin signalling pathway have been found to play an 
important role in fruit set. Mutations in Arabidopsis ARF8, also referred to as FRUIT 
WITHOUT FERTILIZATION (FWF), result in fruit set in the absence of pollination and 
fertilization (Goetz et al., 2006). Down-regulation of IAA9, a tomato Aux/IAA family member, 
also leads to parthenocarpic fruit set (Wang et al., 2005). Auxin affects the expression of 
numerous genes. The most thoroughly studied genes include the SAUR (Small Auxin Up- 
regulated RNA), GH3 and Aux/IAA (AUXIN/INDOLE-3-ACETIC ACID) family members (Abel 
and Theologis, 1996; Hagen and Guilfoyle, 2002). These genes are referred to as early auxin 
response genes, as they are activated only minutes after auxin treatment, indicating that de 
novo protein synthesis is not required for their activation (Abel and Theologis, 1996; Tiwari et 
al., 2003). Promoter analysis of the auxin-induced genes resulted in the identification of a cis-
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acting auxin-responsive element (AuxRE). The AuxRE is specifically bound by members of 
the AUXIN RESPONSE FACTOR (ARF) protein family (Ulmasov et al., 1997a; Ulmasov et 
al., 1999b). In Arabidopsis, 23 ARF proteins have been identified (Guilfoyle and Hagen, 
2001; Liscum and Reed, 2002). Most of them have an N-terminal B3-derived DNA binding 
domain (DBD), which is unique to plants (Ulmasov et al., 1999b; Guilfoyle and Hagen, 2001). 
The middle region (MR) of these proteins functions as a transcriptional activation or 
repression domain, depending on its amino acid composition. In general, ARFs with a 
glutamine rich MR act as transcriptional activators, while ARFs with an MR that is rich in 
proline and serine act as transcription repressors (Ulmasov et al., 1999a; Tiwari et al., 2003). 
The ARF C-terminal domain (CTD) contains two motifs, which are related to motifs III and IV 
of Aux/IAA proteins. These motifs serve as dimerization sites, facilitating homodimerization 
or heterodimerization with other ARFs or Aux/IAA proteins (Kim et al., 1997; Ulmasov et al., 
1997a; Ulmasov et al., 1999b). Aux/IAA genes encode short-lived nuclear proteins. Adjacent 
to the conserved motifs III and IV, these proteins contain a repressor domain that represses 
ARF function, thereby inhibiting auxin responses (Ulmasov et al., 1997b; Tiwari et al., 2001). 
According to current models, auxin promotes Aux/IAA protein ubiquitination through the 
SCFTIR1 complex, which contains the F-box auxin receptor protein TIR1 (transport inhibitor 
resistance 1) (Gray et al., 2001; Dharmasiri et al., 2005; Kepinski and Leyser, 2005). In the 
presence of auxin, the Aux/IAA protein is targeted for degradation by the 26 S proteasome 
and the ARF is released from the repressive effect of the Aux/IAA protein, resulting in 
transcription of auxin response genes (Woodward and Bartel, 2005).
Previously, we performed a transcriptome analysis of tomato ovaries to identify genes 
involved in hormone signalling during fruit set (Vriezen et al., 2008). One of the differentially 
expressed genes appeared to be the tomato homologue of Arabidopsis thaliana NON- 
PHOTOTROPHIC HYPOCOTYL 4 (NPH4)/ARF7, a newly identified member of the tomato 
AUXIN RESPONSE FACTOR gene family that we designated as Solanum lycopersicum 
ARF7 (SIARF7). Here, we describe the isolation and functional analysis of SIARF7. Silencing 
of SIARF7 using RNA interference approach, indicated that SlARF7 may act as a negative 
regulator of fruit set and as a modifier of the auxin response during fruit growth.
Results
Isolation and expression of an AUXIN RESPONSE FACTOR homologue in tomato 
In a previous study, a transcriptome analysis of tomato ovaries was performed to identify 
genes involved in hormone signalling during fruit set (Vriezen et al., 2008). One of the 
characterized fragments corresponding to a differentially expressed gene appeared to be
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F igure 1. Sequence analysis of SlARF7.
Alignment of the predicted amino acid sequences of SlARF7 and NPH4/ARF7. The numbers on the left indicate 
the positions relative to the putative translational start site. The DNA binding domain is underlined with a dashed 
line and the conserved domains III and IV are indicated by a thick line or a thick dashed line, respectively. 
Identical and similar amino acids are shaded in black and grey, respectively.
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highly similar (79%) to the Arabidopsis thaliana NON-PHOTOTROPHIC HYPOCOTYL 4 
(NPH4)/ARF7 gene. In this study, we used PCR-based approaches to isolate the full-length 
coding sequence of the putative tomato ARF. The deduced protein sequence of 1142 amino 
acids contains the N-terminal B3-derived DNA binding domain (amino acids 75-237) and two 
C-terminal dimerization domains III (amino acids 1018-1053) and IV (amino acids 1062­
1104) that are typical of most known ARFs (Figure 1). The middle region of the putative 
protein is enriched with glutamines, which represent 2 0 % of the amino acid residues, 
suggesting that the gene encodes a transcription activator. These findings correspond to the 
results of a phylogenetic analysis in which the putative tomato ARF clustered together with 
all transcription-activating ARFs of Arabidopsis thaliana in the clade of AtARF7 and AtARF19 
(Figure 2). The isolated tomato ARF is most closely related to AtARF7, therefore the tomato 
ARF probably corresponds to a new member of the tomato ARF gene family and will be 
referred to as Solanum lycopersicum ARF7. Furthermore, the exon-intron structure of the 
Arabidopsis and tomato ARF7 genes is similar (Figure S1).
Figure 2. Phylogeny o f the Arabidopsis and tomato 
transcription activating ARFs.
Neighbour-joining tree for the Arabidopsis 
transcription activating class of ARF proteins and 
their known homologues in tomato. The amino acid 
sequences of the whole proteins were aligned using 
ClustalW. AtARF4, for which no transcription- 
activating or repressing function has been identified, 
was used as an outgroup. The bootstrap values from 
100 replicates are indicated at each branch.
The transcriptome analysis showed that SIARF7 is primarily expressed in the placenta and 
ovular tissues of the ovary. Its transcript level was unaffected by GA3 treatment but was 
down-regulated within 48 h after pollination (Vriezen et al., 2008). This pattern was verified 
by real-time quantitative PCR (Figure 3a), which indeed showed that pollination leads to 
down-regulation of the SIARF7 transcript. Interestingly, auxin (IAA) application led to down- 
regulation of SIARF7 transcript levels in unpollinated ovaries (Figure 3b). More detailed 
expression analysis by real-time quantitative PCR showed that SIARF7 is mainly expressed 
in the ovules (Figure 3c). We localized the SIARF7 transcript accumulation in the ovary by in 
situ hybridisations with DIG-labelled RNA. These results showed that SIARF7 is expressed in 
the sporophytic tissues of the ovules, the surface of the placenta, and in the vascular bundles 
(Figure 3d, e). Real-time quantitative PCR analysis showed that SIARF7 is also expressed in
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F igure 3. SIARF7 mRNA levels during tomato fruit set and its distribution within the ovary.
a) Verification of the SlARF7 expression pattern as obtained from the transcriptome analysis (Vriezen et al., 
2008) by real-time quantitative PCR, 1 d, 2 d and 3 d after treatment, in placenta together with ovular tissue 
and the ovary wall. Total RNA was isolated from emasculated flowers (Control), from emasculated flowers 
treated with gibberellic acid (GA3), and from emasculated flowers after hand pollination (Pollinat.). Standard 
errors are indicated (n = 2).
b) Relative mRNA levels for SlARF7 in tomato ovaries of emasculated flowers collected 6, 24 or 72 h after auxin 
treatment (IAA) or 72 h after pollination. Untreated ovaries were used as a control. Standard errors are 
indicated (n = 2).
c) Relative mRNA levels of SlARF7 in unpollinated tomato ovaries at anthesis, dissected into ovules, placenta 
and ovary wall tissue samples. Standard errors are indicated (n = 2).
d) Cross-section of the unpollinated tomato ovary at anthesis, 3 d after emasculation, hybridised with the 
SlARF7-specific antisense RNA probe. The hybridisation is visible as a purple colour in the ovules (o), 
placenta (pl) and pericarp (p). The arrows indicate the vascular tissues in funiculus and pericarp.
e) Similar section as in (d) hybridised with the SlARF7 sense RNA probe.
other plant tissues, but the level of transcript is highest in the unpollinated ovary (Figure 4a). 
Analysis of ovary mRNA collected at various stages of flower development showed that the 
SlARF7 transcript level increases during flower development, reaching the highest level in 
emasculated flowers around 6  days after anthesis (DAA) (Figure 4b). The mRNA level is 
then maintained until abscission, unless successful pollination occurs.
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Figure 4. Distribution o f SIARF7 transcripts.
a) Relative mRNA levels of SIARF7 in various floral 
organs, collected from flowers at the stage of 
emasculation, and in the hypocotyl and root of 10 
d old seedlings. Standard errors are indicated (n 
= 2).
b) Relative mRNA levels of SIARF7 in dissected 
ovaries and fruitlets throughout nine different 
stages of flower development. At stages 1-4, 
flower bud sizes were as indicated. Stage 4 
represents the flower at the stage of 
emasculation. At stage 5, the flower is fully open 
(anthesis). For stages 6-8 , flowers were 
collected 3 d, 6 d or 9 d after anthesis (DAA). For 
stage 9, flowers were collected 3 d after hand 
pollination. Standard errors are indicated (n = 2).
To explore the physiological role of SlARF7, the gene was silenced by generating transgenic 
RNA interference (RNAi) lines based on a 336-bp cDNA-AFLP (cDNA-amplified fragment 
length polymorphism) fragment (corresponding to amino acids 125-238, Figure 1). The 
specificity of this fragment was tested by genomic DNA Southern blot analysis, which 
resulted in one strong hybridisation signal, probably derived from the SIARF7 genomic 
sequence, and one weak signal that might be derived from another SIARF7-like gene (data 
not shown). The cDNA-AFLP fragment was cloned into an RNAi binary vector (p35S::RNAi 
SIARF7) (Figure 5a) and transferred to tomato using Agrobacterium tumefaciens. Expression 
of SIARF7 was more than 50% down-regulated in the ovaries of four of the RNAi lines 
obtained - RNAi SIARF7-4, -6 , -7 and - 8  (Figure 5b). These four lines originated from three 
independent, single-copy transformation events, as RNAi line 6  and 7 were derived from the 
same callus (Southern blot analysis, results not shown). All four of these hemizygous 
transgenic lines showed a clear phenotype with respect to fruit development, and one line, 
RNAi SIARF7-8, also displayed a vegetative phenotype.
In wild-type plants, fruit set depends on successful pollination and fertilization. When 
left unpollinated, emasculated wild-type flowers abscised within 9-12 DAA. However, 
emasculated flowers of all four transgenic RNAi SIARF7 lines remained attached to the plant 
and started to develop into seedless (parthenocarpic) fruits, indicating that SlARF7 may act 
as a negative regulator of fruit growth in wild-type plants. To analyse whether the 
parthenocarpic character of the transgenic fruits was due to an increased auxin signal, we 
determined the expression level of the tomato homologue of the Arabidopsis auxin-
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responsive gene GH3.6 (S/GH3-like) encoding lAA-amido synthetase (Staswick et al., 2005). 
Figure 5(c) shows that, once fruit set was initiated, the tomato GH3.6 mRNA level was much 
higher in the placental and ovular tissues of the transgenic lines, as compared to that in 
pollinated wild-type ovaries.
Figure 5. The construction and analysis of RNA
interference (RNAi) SlARF7 tomato lines.
a) The RNAi tomato lines were generated by A. 
tumefaciens-mediated transformation with the 
p35S::RNAi S/ARF7 T-DNA construct. The 
construct is under the control of the CaMV 35S 
promoter and terminator, and contains 
kanamycin antibiotic resistance as a selective 
marker. The arrows indicate the transcript 
direction.
b) Relative S/ARF7 mRNA levels in unpollinated 
ovaries collected from wild-type and transgenic 
RNAi S/ARF7 flowers at anthesis, 3 d after 
emasculation. Standard errors are indicated (n = 
2).
c) Analysis of the relative GH3.6 transcript levels in 
ovaries collected from wild-type and transgenic 
lines. The wild-type ovaries were collected from 
emasculated flowers at anthesis (D0) and 5 d 
(D5) after hand pollination, corresponding to 
unpollinated ovaries of line RNAi S/ARF7-8 that 
were respectively 2 (D0) and 3 (D5) mm in 
diameter. Subsequently, the collected ovaries 
were divided into two samples, i.e. placenta and 
ovular tissue (Pl + Ov) and ovary wall (Wall). 
Standard errors are indicated (n = 2).
d) Expression analysis of ARF6, 7, 8 and 19 in 
young leaf tissue collected from wild-type, RNAi 
line S/ARF7-4 (4) and RNAi line S/ARF7-8 (8) 
tomato plants. Standard errors are indicated (n = 
2).
Although the anther and ovary morphology of the RNAi lines seemed normal, hand 
pollination could not trigger the onset of fruit development, confirming the parthenocarpic 
character of the transgenic fruits. Only on few occasions were seeds produced. To clarify this 
aspect of development, we investigated whether the pollen tube growth in the flowers of the 
RNAi lines was impaired. In wild type, the first pollen tube tips reach the ovary between 12
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and 15 h after pollination, suggesting that fertilization starts after 12 h and continues for a few 
hours thereafter (Vriezen et al., 2008). Therefore, pistils and ovaries from both wild-type and 
transgenic lines, pollinated with wild-type pollen, were harvested 24 and 48 h after pollination 
and observed by epifluorescence after staining with aniline blue. In the wild type, a bundle of 
pollen tubes grew through the stigma and style into the ovary, before spreading out towards 
the ovules (Figure 6 a), whereas, in the transgenic lines, pollen tubes stopped growing at the 
base of the style and did not spread out into the ovary (Figure 6 b). More detailed analysis of 
wild-type and transgenic ovaries by cryo-scanning electron microscopy revealed that the 
placental epithelium within the wild-type ovary was completely covered with a mucilaginous 
layer (Figure 6 c). By contrast, the placental surface of the transgenic ovary contained only a 
small amount of mucilage (Figure 6 d), which might cause the early stoppage of the pollen 
tube growth. Accordingly, in the exceptional case that the fruits of the transgenic lines did 
contain some seeds, these were always located at the stylar end of the fruit. Instead of 
seeds, however, the parthenocarpic fruits mostly contained small seed-like structures 
(pseudoembryos, Figure 6 e).
In the mature wild-type fruit, seeds are embedded in jelly, whereas the locular tissue 
in the fruit of the RNAi S/ARF7 lines was barely developed, resulting in empty locular 
cavities. The transgenic fruits had a remarkable heart-like shape, and the pericarp was rather 
thick (9.0 ± 1.4 mm), compared to the pericarp of wild-type fruits (6.4 ± 0.8 mm, P < 0.001, 
Student’s t test) (Figure 6 f). Microscopic analysis showed that this difference was caused by 
an increase in cell expansion, and there seemed to be no obvious difference in cell number 
(Figure 6 g, h). However, the diameter of the tomato fruits produced by the RNAi S/ARF7 
lines (3.6 ± 1 cm) was comparable to that of wild-type fruits (4.1 ± 0.46 cm, P = 0.19, 
Student’s t test). The few normal seeds obtained from selfed primary transgenic lines were 
used to test the offspring in a segregation analysis. Forty seeds of RNAi S/ARF7-4 and 40 
seeds of RNAi S/ARF7-8 were germinated on kanamycin-containing medium, which resulted 
in a 3:1 (resistant:susceptible) segregation. This suggests that both ovules and pollen of the 
transgenic lines were viable. The kanamycin-resistant progeny had the same fruit phenotype 
as the parent plants, confirming that the observed phenotype, a dominant trait, is the 
consequence of the RNAi construct.
The line with a vegetative phenotype, RNAi S/ARF7-8, had curled leaves and the 
stems had a random growth orientation at both the young (Figure 6 i) and full-grown stages. 
This vegetative phenotype could be caused by silencing of the ARF genes that are putatively 
most closely related to S/ARF7, i.e. S/ARF19, S/ARF5, S/ARF6 and S/ARF8, based on 
sequence information for Arabidopsis (Remington et al., 2004). Therefore, we performed a 
real-time quantitative PCR analysis to detect the transcript levels of the putative tomato ARF 
gene family members S/ARF7, S/ARF19, S/ARF6 and S/ARF8 in the leaves of a wild-type
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plant, RNAi line S/ARF7-8, and RNAi line S/ARF7-4, which only had a fruit phenotype. We 
could not perform the same analysis for S/ARF5, as there are no EST sequences available 
for which we could design appropriate primers. There were no differences in S/ARF7 
transcript levels between the two transgenic lines. In both transgenic lines, the S/ARF7 
transcript levels were approximately 80% down-regulated as compared to wild-type transcript 
levels, whereas the mRNA levels of S/ARF6 and S/ARF8 were not down-regulated in either 
line (Figure 5d). However, the expression of S/ARF19, which is the gene most closely related 
to S/ARF7, was clearly down-regulated in RNAi line S/ARF7-8. The genomic DNA blot, 
hybridised with the cDNA-AFLP-derived S/ARF7 fragment, showed one strong and one weak
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F igure 6. Phenotypic characteristics of the RNAi SlARF7 /ines.
a) Analysis of pollen tube growth in emasculated wild-type ovaries, 48 h after hand pollination. The pollen tubes 
(indicated by an arrow) grow through the style onto the surface of the placenta (pl) towards the ovules (o) (p, 
pericarp). The inset shows the pollen tubes reaching the ovule micropyles.
b) Analysis of pollen tube growth in RNAi S/ARF7 ovaries, 48 h after pollination with wild-type pollen.
c) Analysis of the placental epithelium at the fractured surface of the wild-type ovary at anthesis by cryo- 
scanning electron microscopy. The placenta (pl) and surrounding ovules (o) are indicated.
d) Analysis of the placental surface in the RNAi S/ARF7 ovary at anthesis.
e) Microscopic analysis of a pseudoembryo from an RNAi S/ARF7 fruit. The outer integument (oi) and inner 
integument (ii) are indicated.
f) The tomato fruit of wild type and RNAi S/ARF7.
g) Microscopic analysis of the pericarp from wild-type tomato fruits, 3 cm in diameter. The outer pericarp (op), 
inner pericarp (ip) and placenta (p) are indicated.
h) Similar section as in (g) from RNAi S/ARF7 tomato fruits, 3 cm in diameter.
i) Vegetative growth of 6-week-old wild-type, RNAi line S/ARF7-4 and RNAi line S/ARF7-8 plants. The latter 
displays a randomized growth orientation.
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hybridisation signal. The weak hybridisation signal might be derived from non-specific 
hybridisation with the S/ARF19 gene. However, this could not be verified as the S/ARF19 
sequence that corresponds to the S/ARF7 cDNA-AFLP fragment is not yet available. 
Altogether, our results imply that the vegetative phenotype of line RNAi S/ARF7-8 was 
caused by the co-silencing of S/ARF19.
Discussion
SlARF7 is a member of the tomato AUXIN RESPONSE FACTOR fami/y 
The plant hormones auxin and gibberellin are considered to be positive growth factors that 
mediate the initiation of fruit development (Gillaspy et al., 1993). Our previous work to identify 
genes involved in fruit set demonstrated that expression of both auxin signalling and 
gibberellin biosynthesis genes was modulated shortly after pollination (Vriezen et al., 2008). 
The mRNA level of a gene corresponding to an AUXIN RESPONSE FACTOR (ARF) was 
found to be down-regulated after pollination. Here, we describe the isolation and functional 
analysis of this ARF, which is homologous to Arabidopsis tha/iana NON-PHOTOTROPHIC 
HYPOCOTYL 4 (NPH4)/ARF7, and is designated as SlARF7. NPH4/ARF7 is an important 
component of auxin-dependent localized growth responses of seedlings, such as the 
phototropic and gravitropic responses (Liscum and Briggs, 1996; Watahiki et al., 1999; 
Harper et al., 2000). The most striking characteristic of adult nph4/arf7 loss-of-function 
mutant plants is that their rosette leaves show an epinastic response (Stowe-Evans et al., 
1998). NPH4/ARF7 is one of five Arabidopsis ARF family members with a glutamine-rich 
middle region, the others being AtARF5, -6 , - 8  and -19 (Guilfoyle and Hagen, 2001). These 
ARFs have been shown to function as transcriptional activators (Ulmasov et al., 1999a; 
Tiwari et al., 2003; Okushima et al., 2005b; Wilmoth et al., 2005). Accordingly, seedlings of 
nph4/arf7 mutants have a strongly reduced expression of the early auxin responsive genes 
SAUR, GH3 and Aux/IAA (Harper et al., 2000; Hardtke et al., 2004). SlARF7 also contains a 
glutamine-rich middle domain, suggesting that this protein might also function as a 
transcriptional activator.
Studies in Arabidopsis have shown that members of the ARF protein family each 
have their own specific function in plant development, but also share redundant functions 
with other members of the family. In the transgenic RNAi S/ARF7 lines, in which S/ARF7 was 
silenced, the mRNA levels of S/ARF6 and S/ARF8 were not down-regulated. On the contrary, 
transcript levels of these ARF genes were higher in the transgenic lines than in wild type. In 
one of the RNAi lines, namely RNAi S/ARF7-8, not only was S/ARF7 silenced but also the 
mRNA levels of the tomato homologue of AtARF19 were decreased. In Arabidopsis,
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AtARF19 is the most closely related family member to NPH4/ARF7 (Remington et al., 2004), 
and nph4/arf7 arf19 double mutants have strong auxin-related phenotypes that are not 
observed in single mutants. The lateral root formation in the double mutant is strongly 
impaired, and both hypocotyl and root display agravitropic responses, revealing redundant 
functions between AtARF7 and AtARF19 (Okushima et al., 2005b; Wilmoth et al., 2005). 
Silencing of both homologues in tomato led to comparable agravitropic phenotypes, as the 
stems of the RNAi S/ARF7-8 line had a randomized growth orientation. It remains possible 
that other, as yet unknown members of the tomato ARF gene family were affected by the 
RNAi construct as well, but so far our results indicate that SlARF7 and SlARF19 may 
function redundantly in vegetative development.
S/ARF7 and tomato fruit deve/opment
So far, only one member of the tomato ARF gene family, DEVELOPMENTALLY 
REGULATED GENE 12 (DR12), has been characterized (Jones et al., 2002). Another 
member, namely S/ARF8, has recently been identified as the homologue of Arabidopsis 
FRUIT WITHOUT FERTILIZATION (FWF)/ARF8 (Goetz et al., 2007). Mutants of fwf/arf8 that 
do not produce functional FWF/ARF8  proteins form parthenocarpic siliques (Goetz et al., 
2006), indicating that fruit set is not only regulated by positive growth factors but also by 
negative regulators. The fwf/arf8 mutants require removal of the surrounding floral whorls for 
the production of parthenocarpic fruit, suggesting that some of these negative factors are 
inter-organ signals (Mazzucato et al., 1998; Vivian-Smith et al., 2001). Silencing of S/ARF7 
leads to parthenocarpic fruit growth, suggesting that SlARF7 also acts as a negative 
regulator of fruit set. In Arabidopsis, NPH4/ARF7 function was not related to fruit set. S/ARF7 
transcript levels decrease after pollination, similar to FWF/ARF8. In addition, both genes are 
expressed in the vascular tissues of the funiculi, suggesting that SlARF7 is the functional 
equivalent of FWF/ARF8 . Goetz et al. (2007) recently demonstrated that expression of the 
fwf allele in tomato causes parthenocarpic fruit growth. However, in that case, parthenocarpic 
fruit development depends on the presence of a truncated FWF/ARF8  protein.
The S/ARF7 ovary transcript level was down-regulated after pollination or auxin 
treatment, but was unaffected by gibberellin treatment. These findings suggest that the auxin 
signalling pathway acts prior to, or at least independently of the gibberellin signalling 
pathway. This is in accordance with the hypothesis that auxin might function as an early 
post-pollination signal that stimulates gibberellin biosynthesis, which in turn triggers fruit 
development (Ozga and Reinecke, 2003), and SlARF7 may be part of this signalling 
pathway. According to Mapelli et al. (1978) fruit growth is also controlled by the developing 
seeds, as parthenocarpic fruits are generally smaller than seeded fruits. However, the 
parthenocarpic fruits produced by the RNAi S/ARF7 lines were comparable in size to wild-
40
SlARF7 regulates auxin signalling
type fruits. These fruits contained seed-like structures that resemble the pseudoembryos 
found in auxin-induced fruit (Asahira et al., 1967; Serrani et al., 2007a), which originate from 
divisions of cells of the inner integument (Kataoka et al., 2003). It is possible that these seed­
like structures in the transgenic tomato fruits substitute for the seeds in stimulating fruit 
growth (Kataoka et al., 2003).
Pollination of RNAi S/ARF7 lines led to seeded fruits on only very few occasions. 
Cryo-scanning electron microscopy showed that the placental surface of wild-type ovaries 
was covered with mucilage, whereas the placental surface of the transgenic ovaries barely 
contained any mucilage. Studies on the wild Peruvian tomato (Lycopersicon peruvianum) 
indicated that pollen tubes are completely submerged in mucilage during growth from the 
stigma surface to the micropyle of the ovules (Webb and Williams, 1988). The mucilage is 
assumed to provide the appropriate physical medium for pollen tube growth (Goldman et al., 
1994). Therefore, it is likely that in the RNAi S/ARF7 ovaries the pollen tubes stop growing 
due to the absence of mucilage.
The heart-like shape of the RNAi S/ARF7 fruits is probably the result of a strong auxin 
signal during their development, as excessive application of auxin results in malformation of 
the fruit. The pointy tip at the stylar end was also observed in other transgenic fruit with high 
auxin levels, and is known as the ‘pickelhauben’ phenotype (Pandolfini et al., 2002). The 
strong auxin signal in the RNAi S/ARF7 fruits is supported by the high expression levels of 
the IAA-amido synthetase gene GH3.6, which has been shown to be auxin-inducible in 
Arabidopsis (Nakazawa et al., 2001). Hence, both morphological and molecular data indicate 
that, once fruit set is initiated, silencing of S/ARF7 might lead to higher auxin signalling within 
the tomato ovary. In general, auxin stimulates cell division in developing tomato fruits, while 
gibberellin stimulates cell elongation (Bunger-Kibler and Bangerth, 1982). The pericarp of the 
transgenic fruits was rather thick due to extensive cell expansion. In addition, the locular 
tissues were poorly developed, comparable to that in gibberellin-induced fruits (Serrani et al., 
2007a). Therefore, the parthenocarpic phenotype of the RNAi S/ARF7 lines seems to be the 
result of both increased auxin and gibberellin responses during fruit growth. As S/ARF7 
transcript levels in wild-type ovaries are not entirely down-regulated after pollination, it is 
likely that a minimum level of SlARF7 protein is necessary to moderate the responses to 
auxin and gibberellin during fruit development. This indicates that SlARF7 acts as a negative 
regulator of both fruit set and fruit development, as suggested in Figure 7.
Many studies have shown that the initiation of fruit development depends on positive 
growth factors such as auxin and gibberellin. However, there are clear indications that fruit 
set depends on factors with a negative action as well. SlARF7 appears to be one of these 
factors, and further elucidation of the signalling pathway that includes SlARF7 should provide 
more insight into the regulatory mechanisms of auxin and gibberellin during fruit set.
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Figure 7. Mode/ for S/ARF7 function in fruit set and deve/opment.
a) In unpollinated ovaries, SlARF7 moderates the auxin response by activating the transcription of auxin 
response-attenuating genes, e.g. members of the Aux/IAA gene family, which, in turn, block the auxin 
response and thus fruit set and development.
b) Upon pollination, the auxin (IAA) content within the ovary increases, resulting in an auxin signalling cascade 
that initiates fruit set and development directly or through the stimulation of active gibberellin (GA) 
biosynthesis. At the same time, auxin inhibits expression of S/ARF7. As a result of the reduction in SlARF7, 
auxin may create a positive feedback loop, which enhances the auxin response that might be necessary to 
initiate fruit set. However, low levels of SlARF7 protein may remain present to modulate the auxin response 
during further stages of fruit development. In the transgenic RNAi S/ARF7 lines, the level of S/ARF7 mRNA is 
already reduced. As a result of this reduction, the auxin signalling cascade might be released, independently 
of pollination, thereby initiating parthenocarpic fruit set.
Experimental procedures
P/ant materia/s and growth conditions
Tomato plants (So/anum /ycopersicum L. cv. Moneymaker) were grown on soil under 
standardized greenhouse conditions, with a daily temperature regime of high day 
temperatures (20-25°C) and lower night temperatures (15-18°C). The photoperiod was 
extended to 16 h by low intensity light supplied by high pressure sodium lamps (600 W, 
Philips). For in vitro culture, seeds were surfacesterilized by treatment with 70% ethanol for 1 
min and with 2.5% hypochloride solution for 20 min. After rinsing six times with sterile 
distilled water, seeds were sown on 100 ml of Murashige and Skoog (MS) culture medium, 
containing 1x Nitsch and Nitsch vitamin mixture, 1.5% w/v sucrose and 0.7% w/v phytoagar, 
pH 5.7. Transgenic seeds were selected on MS culture medium, containing 100 mg L-1 
kanamycin. Germination and seedling growth took place in a growth chamber with a 16 h
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light period (photosynthetic photon flux density 50 pmol m-2 sec-1) and 8  h dark period at a 
constant temperature of 22°C.
For the expression analysis of S/ARF7 in ovaries, flowers were emasculated 3 days before 
anthesis. Hand pollination or hormone treatments were carried out at the stage of anthesis. 
S/ARF7 expression under the influence of auxin was analysed in ovaries of flowers that were 
treated with 2 pL of 1 mM 4-Cl-IAA (Sigma-Aldrich, http://www.sigmaaldrich.com) in 2% 
ethanol. The treatment was repeated 6  and 24 h after the first application. Control flowers 
were collected at anthesis. All collected tissues were frozen in N2 and stored at -80°C until 
RNA extraction.
Rea/-time quantitative PCR
Total RNA was extracted from the frozen tomato plant tissues using a NucleoSpin® RNA 
plant kit (Macherey-Nagel, http://www.macherey-nagel.com) and was treated with RQ1 
RNase-free DNase (Promega, http://www.promega.com). The total DNA-free RNA (400 ng) 
was used as a template for cDNA synthesis (iScript™ cDNA synthesis Kit, Bio-Rad, 
http://bio-rad.com). For real-time quantitative PCR, 5 pL of 10-fold diluted cDNA were used in 
a 25 pL PCR reaction, containing 400 nM of each primer and 12.5 pL iQTM SYBR Green 
Supermix (Bio-Rad). The PCR reactions were performed in a 96 well Bio-Rad iCycler (Bio­
Rad Laboratories, CA, USA), with a temperature programme starting with 3 min at 95°C, 
then 40 cycles of 15 sec at 95°C and 45 sec at 57°C. At the end, the melting temperature of 
the product was determined to verify the specificity of the amplified fragment. The primers 
used for real-time quantitative PCR (Table S1) were designed using computer program 
(Beacon Designer 5.01, Premier Biosoft International, http://www.premierbiosoft.com).
Iso/ation of the fu//-/ength SlARF7 sequence
Several PCR-based approaches were necessary to isolate the full-length coding sequence of 
S/ARF7. First, a tomato HybriZAP lambda library (HybriZAP® 2.1 two-hybrid system, 
Stratagene, http://stratagene.com) was generated and used as a template to amplify the 
S/ARF7 cDNA. The primers used were a degenerated primer, based on an EST of So/anum 
tuberosum (SGN-U278011) (reverse 5’-CCAAACATRCGYGCT AGATCAT GCC-3’) that 
corresponds to the 3’ end of AtARF7/NPH4 and a specific primer (forward 5’- 
CCAAGTTATCCTAATCTTCCTTCC-3’) that anneals to the isolated S/ARF7 fragment from 
the transcriptome analysis (Vriezen et al., 2008). The amplified fragment was sequenced and 
used to obtain the 5’ and 3’ ends of the coding sequence. The 3’ sequence was also isolated 
from the tomato HybriZAP lambda library. Therefore, one gene-specific primer (forward 5’- 
ATAGACGTTACTCGCTACATAGGC-3’) was used together with the HybriZAP pAD primer 
(reverse 5’-CGATGCACAGTTGAAGTGAACTTGC-3’) and resulted in the isolation of the 3’
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sequence, including the UTR. Genome walking (Genome-Walker universal kit, BD 
Biosciences, http://www.bdbiosciences.com) on DraI and SnaI (Fermentas, 
http://www.fermentas.com) Genome Walker libraries using the gene-specific primer 5’- 
ATGCCTGAAAGTCCATGTTTGGTCATGCAAATCTC-3’ (reverse) resulted in isolation of the 
5’ sequence of the S/ARF7 transcript. All amino acid sequence alignments were performed 
using ClustalW (http://www.ebi.ac.uk/clustalw).
P/ant transformation
To generate transgenic RNAi S/ARF7 lines, the fragment isolated from the transcriptome 
analysis (amino acids 125-238, forward primer 5’-CAACCTGCTGAGTTCTTCTG-3’; reverse 
primer 5’-CGAACAAATAGACAGCAGCC-3’) was cloned into binary vector pk7GWIWG2(I) 
(Karimi et al., 2002) in both sense and antisense orientations under the transcriptional 
regulation of the CaMV 35S promoter and terminator. In plants, this T-DNA destination 
expression vector will produce double-stranded RNA from the inserted sequence, resulting in 
post-transcriptional gene silencing. Transgenic plants were generated by Agrobacterium 
tumefaciens-mediated transformation. Cotyledons of 10-day-old seedlings were incubated in 
8  mL Agrobacterium (EHA 105) cells suspended in 2% MSO (liquid MS medium, containing 
100 mg L-1 Myo-Inositol, 400 pg L-1 Thiamine HCl and 20 g L-1 sucrose) to an attenuance at 
600 nm of 0.5. After 30 min, the cotyledons were blotted dry on sterile filter paper an placed 
on MS culture medium containing 1x Nitsch and Nitsch vitamin mixture, 3% w/v sucrose, 1 
mg L-1 NAA, 1 mg L-1 BAP and 0.7% w/v agar, pH 5.7. After two days of co-cultivation, the 
cotyledons were washed in liquid MS medium with 200 mg L-1 carbenicillin and transferred to 
shoot-inducing MS culture medium containing 1x Nitsch and Nitsch vitamin mixture, 3% w/v 
sucrose, 2 mg L-1 zeatin, 200 mg L-1 carbenicillin, 0.7% w/v agar, pH 5.7 and 100 mg L-1 
kanamycin for selection. Cotyledons that started to develop callus were transferred to fresh 
culture medium, containing half of the zeatin concentration and 1 mg L-1 GA3. The cotyledons 
were transferred to fresh medium every 2 weeks. When initial calli formed, shoot primordia 
were excised and transferred to shoot-elongation MS culture medium, which is germination 
medium containing 200 mg L-1 carbenicillin and 100 mg L-1 kanamycin. Elongated shoots of 
2-4 cm were excised from the callus and transferred to rooting MS culture medium (1x Nitsch 
and Nitsch vitamin mixture, 1.5% w/v sucrose, 5 mg L-1 IAA, 200 mg L-1 carbenicillin, 50 mg 
L-1 kanamycin and 0.7% w/v agar, pH 5.7). Rooted plantlets were transferred to soil for 
further analysis. Media components and antibiotics were obtained from Duchefa Biochemie 
(http://www.duchefa.com).
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Microscopy
Tissues were fixed in 2% glutaraldehyde in 0.1 M phosphate buffer at pH 7.2 for 2 h at room 
temperature. After fixation, the tissues were dehydrated in an ethanol series and embedded 
in Technovit 7100 (Heraeus Kulzer, http://www.heraeus-kulzer.com). For light microscopy, 
sections of 5 pm were stained with a toluidine blue solution (0.1% in 1% borax). Pollen tube 
growth was studied in fresh tissue softened in 2 N NaOH at 60 °C for 2 h. After three rinses 
with demineralized water, ovaries were cut in half and incubated in a drop of aniline blue 
(0.1% w/v) aniline blue in 2% w/v K3PO4-3H2O). Then, pollen tubes were visualized by 
epifluorescence at a wave length of 355-425 nm using a Leitz Orthoplan microscope (Leica 
Microsystems, http://www.leica-microsystems.com).
For cryo-scanning electron microscopy, ovaries were rapidly frozen in nitrogen slush and 
transferred to the vacuum chamber of the cryo-field-emission scanning electron microscope 
(FESEM, JEOL-6330, http://jeoleuro.com). After 4 min sublimation at -90°C, the samples 
were sputtered with gold/platinum for 40 sec at -140°C, and examined in the microscope at - 
140°C.
In situ hybridisation
For in situ hybridisation, ovaries from flowers at anthesis were fixed as described by 
Bereterbide et al. (2002). Sections (8  pm) were processed and hybridised with sense or 
antisense RNA probes. The 417-nucleotide RNA probe, corresponding to amino acids 714­
852 (Figure 1), was synthesized, using T7 (sense) and Sp6  (antisense) RNA polymerase and 
digoxigenin-labelled UTP (Roche Applied Science, http://www.roche-applied-science.com). 
For hybridisation, Paraplast (Paraplast Plus, Sigma-Aldrich) was removed with Histoclear 
(National Diagnostics, http://nationaldiagnostics.com), sections were hydrated, immersed in 
TE (Tris/HCl pH 7.5, 10 mM EDTA) and treated with proteinase K (30 min, 37°C). After 
dehydratation in an ethanol series, the sections were incubated overnight at 48°C in 150 pL 
hybridisation mixture (50% formamide, 0,5 pg mL-1 tRNA, 10% dextran sulphate, 300 mM 
NaCl, 5 mM EDTA, 10 mM Tris/HCl pH 7.5, 1x Denhardt’s solution (0.02% Ficoll, 0.02% 
polyvinylpyrrolidone, and 0.02% BSA)) supplemented with 150 ng of probe. The slides were 
washed in 2x SSC (10 min, 48°C), 1x SSC (10 min, 48°C) and 0,5x SSC (20 min, room 
temperature). After blocking with 1% BSA, a 1/500 dilution of anti-DIG/AP was pipetted onto 
each slide, which was incubated at 37°C for 2 h. After washing with BSA (once for 20 min) 
and Tris-buffered saline (10x Tris-buffered saline is 1.5 M NaCl and 1 M Tris, pH 7.5; twice 
for 15 min), the slides were incubated in colour-substrate reaction buffer (3.75 pL mL-1 5- 
bromo-4-chloro-3-indolyl-phosphate (BCIP) and 5 pL mL-1 nitroblue tetrazolium (NBT) 
(Roche Applied Science) in 100 mM NaCl, 5 mM MgCl2, 100 mM Tris/HCl pH 9.0, 10% w/v
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polyvinyl alcohol, 0.24 mg mL-1 levamisole (Sigma-Aldrich) in the dark at room temperature 
until a purple signal appeared.
Accession Numbers
Sequence data from this article can be found in the EMBL/GenBank data libraries under 
accession numbers EF121545 (S/ARF7) and EU543264 (S/GH3-like).
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Supporting information
Figure S1. Genomic structure of SIARF7.
The exon-intron structure of SIARF7 is compared to the exon-intron structure of AtARF7. The genomic sequences 
were aligned using ClustalW. Corresponding exons (black blocks) are indicated by the grey lines.
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Table S1. Primer sequences used for rea/-time quantitative PCR ana/ysis.
Gene
accession number Forward (F) and reverse (R) primer sequences
18S (ref.) 
SGN-107674b
F 5’-AGACGAACAACTGCGAAAGC-3’ 
R 5’-AGCCTTGCGACCATACTCC-3’
S/Actin 2/7 (ref.) 
SGN-U213132b
F 5'-GGACTCTGGTGATGGTGTTAG-3' 
R 5'-CCGTT CAGCAGTAGTGGT G-3'
S/Ubi 7 (ref.) 
SGN-U216246b
F 5’-CCCTGGCTGATTACAACATTC-3’ 
R 5’-TGGTGTCAGTGGGTTCAATG-3’
S/ARF7 F 5’-CCAAGTTATCCTAATCTTCCTTCC-3 
R 5’-GTAAAGCCTCCTGGTCATATTTG-3’
S/ARF8
EF667342b
F 5’-CTTTCACCCGAAGATGTGCAGAAGC-3’ 
R 5’-CCAGCGATCCAAGAGATGGCATTCC-3’
S/ARF6
SGN-U218169a
F 5’-TGGCAGTCTGTAAAGGTTGGATGGG-3’ 
R 5’-CCAGGAAATGAAGGCAGTCCAGGTG-3’
S/ARF19
TC184850c
F 5’- CAGAT GGAGGAGAAGTT CAGGGTGACC-3’
R 5’- CTGAGAAATCCTTCCTTGATCCCATTGAGC-3’
S/GH3-like F 5'-TGT GACATAGTCCCAGT AACAATAACATCG-3'
R 5'-TTGAAATGGAATGTAGTAAAGAGTCATGGAAAGG-3'
a GenBank accession number
b SOL Genomics Network EST identifier, http://www.sgn.cornell.edu 
c DFCI Tentative Consensus sequence identifier, http://dana-farber.org
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The Solanum lycopersicum AUXIN RESPONSE FACTOR 7 (SIARF7) mediates the 
cross-talk between auxin and gibberellin signalling during tomato fruit set and 
development
Maaike de Jong, Mieke Wolters-Arts, José L. Garcla-Martlnez, Celestina Mariani and Wim H. 
Vriezen
Abstract
The initiation of the fruit developmental programme upon successful completion of pollination 
and fertilization requires tight regulation of all the structural changes necessary to transform 
a quiescent ovary into a fast growing fruit. This regulation is mediated by the plant hormones 
auxin and gibberellin, each of which has its specific role. Thus, in order to unravel the 
molecular mechanisms that regulate fruit set and development, it is important to understand 
the crosstalk between these two hormones. Solanum lycopersicum AUXIN RESPONSE 
FACTOR 7 (SlARF7) is a member of the tomato gene family of transcription factors that 
specifically controls auxin-dependent developmental processes. Transgenic plants, in which 
SlARF7 mRNA levels were reduced using RNA interference approach, formed 
parthenocarpic fruits, indicating that SlARF7 may act as a negative regulator of fruit set. 
These fruits displayed morphological characteristics that seemed to be the result of both 
increased auxin and gibberellin responses during fruit growth. However, gene expression 
analysis of auxin-responsive genes and gibberellin-responsive genes showed that only part 
of these signalling pathways were affected by the decreased SlARF7 mRNA levels. 
Nevertheless, the gibberellin content in the transgenic lines was strongly reduced as 
compared to that in seeded fruits, suggesting that SlARF7 also acts as a modifier of the 
gibberellin response during tomato fruit set and development.
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Introduction
At the end of flower development, the cell division activity in the ovary stops when it has 
reached its mature size. After a few days, the flower will abscise unless successful 
completion of pollination and fertilization occur and cell division activity resumes (Gillaspy et 
al., 1993). In tomato (Solanum lycopersicum L.), this period of cell division continues for 10­
14 days (d). During the following 6-7 weeks, cell division activity is low and fruit growth 
mainly depends on cell expansion (Mapelli et al., 1978; Bünger-Kibler and Bangerth, 1982; 
Gillaspy et al., 1993). At the end of this cell-expansion period, the fruit has reached its final 
size and will start to ripen (Gillaspy et al., 1993). These changes require tight regulation both 
at the level of gene activity and translation, which is mediated by phytohormones, such as 
auxin and gibberellin (GA). Application of either of these two hormones on tomato ovaries 
leads to the formation of seedless (parthenocarpic) fruit, without the need for pollination and 
fertilization (Gustafson, 1937; Wittwer et al., 1957; Gustafson, 1960; Bünger-Kibler and 
Bangerth, 1982; Serrani et al., 2007a). Furthermore, the auxin and GA contents in the ovary 
were shown to increase upon pollination and fertilization (Mapelli et al., 1978; Sjut and 
Bangerth, 1982; Koshioka et al., 1994). However, to date, the molecular mechanisms by 
which these hormones regulate fruit set and development are still poorly understood, 
although recent advances have shed some light on their regulatory role.
Despite the fact that application of either auxin or GA can trigger tomato fruit 
development, there are several indications that each of these hormones has a specific role in 
fruit development. Treatments of unpollinated ovaries with auxins stimulated cell division for 
an extended period, resulting in the formation of fruits with a higher number of pericarp cells. 
In contrast, the pericarp of GA-induced tomato fruits contained fewer cells but with a volume 
on average larger than the cells of control fruits. The application of GA together with auxin, 
resulted in the formation of fruits in which the number of pericarp cells and cell size were 
similar to that in seeded fruits (Bünger-Kibler and Bangerth, 1982; Serrani et al., 2007a), 
suggesting that both hormones are required for normal fruit development. In accordance, the 
expression of both auxin and GA response genes appeared to be up-regulated within 48 h 
after pollination. Interestingly, none of the auxin signalling genes seemed to be influenced by 
GA treatment of unpollinated ovaries (Vriezen et al., 2008), suggesting that auxin acts prior 
to or independently of GA. Serrani et al. (2008) showed that auxin-induced fruit development 
was significantly reduced by the simultaneous application of GA biosynthesis inhibitors, 
suggesting that the effect of auxin is mediated by GA. This hypothesis was supported by the 
transcript levels of the GA biosynthesis genes, copalyldiphosphate synthase (SlCPS) and GA 
20-oxidases, SlGA20ox1, SlGA20ox2 and SlGA20ox3 which are all up-regulated after 
pollination (Rebers et al., 1999; Serrani et al., 2007b), but also in auxin-treated ovaries
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(Serrani et al., 2008). In addition, the transcript level of SlGA2ox2 encoding a GA inactivating 
GA 2-oxidase was found to be lower, also leading to higher levels of active GA (Serrani et 
al., 2008). These data indicate that auxin and GA action successively regulate tomato fruit 
development. Also in Arabidopsis thaliana and Pisum sativum (pea), auxin may act as an 
early post-pollination signal, which originates in the ovules upon successful fertilization that in 
turn stimulates GA biosynthesis. Subsequently, these GAs are transported to the 
surrounding tissues and trigger fruit development (Ozga and Reinecke, 2003; Dorcey et al.,
2009). Thus, in order to unravel the molecular mechanisms that regulate fruit set and 
development, it is important to understand the cross-talk between these two hormones.
Previously, we performed a functional analysis of Solanum lycopersicum AUXIN 
RESPONSE FACTOR 7 (SlARF7), the transcript level of which was found to be high in the 
unpollinated mature tomato ovary, but decreased within 48 h after pollination or after auxin 
application (de Jong et al., 2009b). Transgenic plants with decreased SlARF7 mRNA levels 
formed parthenocarpic fruits, indicating that SlARF7 may act as a negative regulator of fruit 
set. These fruits displayed characteristics that seemed to be the result of both increased 
auxin and GA responses during fruit growth. Here, we present a more detailed analysis of 
these transgenic lines and establish that SlARF7 is indeed affecting the signalling response 
pathways of auxin and GA and is part of the cross-talk between these two hormones. The 
silencing of SlARF7 affected part of the auxin signalling response pathway, and resulted in 
enhanced GA signalling. However, the levels of GA were strongly reduced, suggesting that 
SlARF7 also acts as a modifier of the GA response during the early stages of tomato fruit 
development.
Results
Microscopic analysis of early fruit development of wild-type and transgenic fruits 
In a previous study, we showed that transgenic plants in which SlARF7 transcript levels were 
reduced by RNA interference (RNAi) approach, produced parthenocarpic fruits (de Jong et 
al., 2009b). The characteristics of these fruits suggest that SlARF7 is involved in the 
hormonal regulatory mechanisms of both auxin and GA during the early stages of fruit 
development. One of these characteristics was the thick pericarp of the transgenic fruits as 
compared to the pericarp of wild-type developing fruits of 3 cm in diameter. This thick 
pericarp was the result of increased cell expansion, while no obvious difference in cell 
number was observed (de Jong et al., 2009b). In this study, we analysed the pericarp of both 
wild-type and transgenic fruits. In general, the pericarp is composed of parenchyma cells that 
are differentiated in three layers: the endocarp, mesocarp and exocarp (Gillaspy et al., 1993).
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Anthesis 3-4 mm 5-6 mm 7-8 mm 9-10 mm
Figure 1. Microscopic analysis o f the pericarp during early fruit development o f wild-type and RNAi SiARF7 fruits.
a) Micrograph of an unpoiiinated wiid-type ovary at anthesis.
b) Micrograph of poiiinated wiid-type tomato fruit, 3-4 mm in diameter. The ceiis in the exocarp are dividing, whiie 
the ceiis in the mesocarp and endocarp mainiy expand.
c) Micrograph of the exocarp and mesocarp of a wiid-type tomato fruit, 5-6 mm in diameter. The ceiis in the 
endocarp iook simiiar to the mesocarp ceiis (not shown). At this stage, ceii divisions aiso occur in the 
mesocarp.
d) Micrograph of the exocarp and mesocarp of a wiid-type tomato fruit, 7-8 mm in diameter. The fruit mainiy 
grows through ceii expansion.
e) Micrograph of the exocarp and mesocarp of a wiid-type tomato fruit, 9-1G mm in diameter.
f) Micrograph of an ovary from the RNAi SlARF7-4 iine at anthesis. At this stage, there are no ciear differences 
between wiid-type and transgenic ovaries.
g) Micrograph of a parthenocarpic fruit from the RNAi SlARF7-4 iine, 3-4 mm in diameter. The ceiis in the 
mesocarp and endocarp are aiready bigger as compared to those in wiid-type fruit.
h) Micrograph of the exocarp and mesocarp of a fruit from the RNAi SlARF7-4 iine, 5-6 mm in diameter. At this 
and the foiiowing two stages, the pericarp mainiy grows through ceii expansion of the mesocarp ceiis.
i) Micrograph of the exocarp and mesocarp of a fruit from the RNAi SlARF7-4 iine, 7-8 mm in diameter.
j) Micrograph of the exocarp and mesocarp of a fruit from the RNAi SlARF7-4 iine, 9-1G mm in diameter.
Bar = 5G pm; cw, carpei waii; o, ovuies; pi, piacenta; ex, exocarp; m, mesocarp; en, endocarp.
We coiiected these fruits before and during the eariy stages of fruit deveiopment, ranging 
from unpoiiinated ovaries coiiected at anthesis to fruits that were 1G mm in diameter (Figure 
1). At anthesis, there were no ciear differences between the pericarp of wiid-type and 
transgenic ovaries (Figure 1a, f), but in 3-4 mm fruits, corresponding to 6  days after
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pollination (DAP), the difference in cell size between the pollinated wild-type fruits and 
parthenocarpic transgenic fruit became visible. At this stage, the cells in the exocarp were 
dividing, while most cells in the mesocarp and endocarp already started to expand. 
Nevertheless, the cells in the mesocarp and endocarp of the transgenic fruits were bigger as 
compared to the cells in wild-type fruits (Figure 1b, g). This difference in cell size became 
even more apparent during the next stages: 5-6 mm, 7-8 mm and 9-10 mm fruits, 
corresponding to approximately 8 , 10 and 12 DAP, respectively (Figure 1c-e, h-j). Detailed 
analysis of the pericarp cells from 5-6 mm fruits (Table 1) showed that in the transgenic fruits 
the average area of the exocarp cells, located at the outer 4-6 cell layers of the pericarp, and 
the average area of the mesocarp cells were significantly increased as compared to that of 
wild-type fruits (P < 0.05, Student’s t test). The analysis of the pericarp cells from these fruits 
also showed that the number of dividing cells was significantly decreased in both exocarp 
and mesocarp of the transgenic fruits, as compared to the number of dividing cells in the 
pericarp of wild-type fruits (P < 0.05, Student’s t test). This aspect was also manifested by 
the cell division planes, visible in the mesocarp of 3-4 mm and 5-6 mm wild-type fruits, but 
absent in the mesocarp of transgenic fruits (Figure 1b, c, g, j). However, the fact that no 
difference in cell number was observed in the later stages of fruit development (de Jong et 
al., 2009b), suggests that the rate of cell division in the RNAi SlARF7 fruits might be reduced 
but also that the period in which cell division takes place is prolonged, resulting in a similar 
number of cells as in wild-type fruits at the later stages of fruit development.
Table 1. Quantification o f cell area and number o f dividing cells in the pericarp o f wild-type and transgenic 
fruits.
Wild-type and transgenic fruits, 5-6 mm in diameter, were used for the quantification of cell area (in pm2) and 
percentage of dividing cells in exocarp and mesocarp. The total number of cells that has been analysed from 
each line is indicated (n). The data represent the means ± standard error of five fruits. For all measurements, 
the differences between wild-type and transgenic lines were statistically significant (P < 0.05, Student’s t test).
Exocarp Mesocarp
Line Mean area (pm2) % Dividing cells Mean area (pm2) % Dividing cells
Wild type 105 ± 6.6 (n = 1051) 74 ± 2.1 391 ± 18.8 (n = 2519) 41 ± 4.2
RNAi SlARF7-4 131 ± 4.3 (n = 842) 61 ± 4.1 997 ± 135.4 (n = 1110) 7 ± 1.2
RNAi SlARF7-6 141 ± 19.5 (n = 857) 43 ± 8.0 810 ± 216.2 (n = 1052) 7 ± 2.0
The effect of SlARF7 silencing on transcript levels of cell division- and cell expansion-related 
genes
To support the histological data, the ovaries and fruits collected for microscopic analysis, 
were also used for total RNA extraction to analyse the transcript levels of several genes 
involved in cell division and expansion. Expression analyses by real-time quantitative PCR
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showed that in wild type, mRNA levels of cell cycle genes SlCDKB2.1 and SlCyclinB1.1 
increased after pollination, and subsequently decreased during the later stages of fruit 
development, as previously described by Joubes et al. (2000; 2001). In the transgenic lines, 
however, the transcript levels of SlCDKB2.1 were reduced (Figure 2a). In wild type, the 
transcript levels of this gene were highest at the 3-4 mm stage, while in the transgenic lines, 
transcript levels reached their maximum at the 5-6 mm stage, but still this peak was less than 
50 % of that found at similar stage in wild type. Also the transcript levels of SlCyclinB1.1 
were strongly reduced in the transgenic lines, with exception for the levels at the pre-anthesis 
and anthesis stage.
In wild type, transcript levels of cell expansion-related genes encoding for an 
expansin precursor (SlEXPA5), a pectate lyase (SlPEC) and an endo-xyloglucan transferase 
(SlXTH1) increased after pollination, confirming the results of Vriezen et al. (2008), who 
showed that pollination induces several genes involved in cell expansion. Moreover, that
Figure 2. Transcript levels o f cell cycle and cell division-related genes in developing wild-type and transgenic 
fruits.
a) Relative mRNA levels of cell cycle genes SlCDKB2.1 and SlCyclinB1.1 in ovaries from wild-type and RNAi 
SlARF7-4 and -6 lines, collected 3 d before anthesis, the pre-anthesis stage at which wild-type flowers were 
emasculated (PA), at anthesis (A), and in pollinated wild-type or parthenocarpic transgenic fruits that were 3-4 
mm, 5-6 mm, 7-8 mm, and 9-10 mm in diameter. Standard errors are indicated (n = 2).
b) Relative mRNA levels of cell expansion genes encoding for an expansin precursor (SlEXPA5), pectate lyase 
(SlPEC), and an endo-xyloglucan transferase (SlXTH1). Standard errors are indicated (n = 2).
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study showed that some of these genes, like the SlPEC and SlXTH1, are also induced by GA 
application. In the transgenic lines, the relative mRNA levels of SlEXPA5 were similar to 
those in wild type. However, at the stages from 5-6 mm to 9-10 mm, the expression of SlPEC 
and SlXTH1 was much higher than in wild type (Figure 2b).
Altogether, these expression data support the findings of the microscopic analysis, 
indicating that once fruit development is initiated in the RNAi SlARF7 lines, cell division 
activity was de-regulated, whereas cell expansion was increased as compared to wild type.
The effect of SlARF7 silencing on transcript levels of auxin-related genes 
It was previously reported that auxin stimulates cell division (Bunger-Kibler and Bangerth, 
1982; Serrani et al., 2007a). Therefore, the reduced cell division activity in the RNAi SlARF7 
lines indicates that the auxin response is also diminished, although the morphologic 
characteristics of the fruits suggest the opposite. To investigate better this apparent 
contradiction, transcript levels of auxin-related genes were analysed. SlARF9, the putative 
orthologue of Arabidopsis ARF9, was found by Vriezen et al. (2008) to be up-regulated after 
pollination or auxin application, with an exactly opposite expression pattern to that of SlARF7 
(Figure 3a), but was not induced by GA application (Serrani et al., 2008; Vriezen et al., 
2008). In this study, the high SlARF9 transcript level at wild-type stage 3-4 mm confirmed 
that SlARF9 indeed is induced by pollination. In the subsequent stages, its expression slowly 
decreased (Figure 3a) (de Jong et al., 2009b). Interestingly, SlARF9 expression was not 
induced in the growing parthenocarpic fruits of the RNAi SlARF7 lines, suggesting that the 
auxin signalling pathway was not induced in these fruits. However, the expression of SlGH3- 
like, the tomato homologue of the Arabidopsis auxin-responsive gene GH3.6 encoding an 
IAA-amido synthethase (Staswick et al., 2005), was strongly up-regulated in the transgenic 
lines, as compared to the expression in wild-type fruits (Figure 3a; de Jong et al., 2009), 
suggesting that a part of the auxin signalling pathway is enhanced in the RNAi SlARF7 lines. 
This bifurcation in the auxin signalling transduction was further supported by the analysis of 
the transcript levels of genes encoding the AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) 
repressors IAA1, IAA2 and IAA14. Previous studies have shown that SlIAA2 and SlIAA14 are 
induced by pollination, and that the expression of these genes, including SlIAA1, is induced 
by auxin-application to unpollinated ovaries (Serrani et al., 2008; Vriezen et al., 2008). 
Accordingly, the transcript levels of these Aux/IAA’s were high in 3-4 mm wild-type fruits, and 
subsequently decreased at the later stages of fruit development. In the transgenic lines, the 
expression pattern of IAA1 was similar to that in wild type, whereas the expression of IAA2 
and IAA14 was strongly reduced (Figure 3b).
57
Chapter 3
(a)
1.0
0.8
0.6
0.4
0.2
0
(b)
1.0
0.8
0.6
0.4
0.2
0
ARF7
fL . rL
°D <0' or
r ,d
f
T T
Hi
^  ^  ^  ^  ^  ^
ARF9
r fU f i i SEL K
IAA1
r t U
*  ^  ^  ^  ^  
,9> .9> &<rT V of
IAA2
GH3- like
/
i
/
/
/
/ m
¿1 : S
□  RNAi SIARF7 - 4 
M R N A i SIARF7- 6
^  ^  ^  ^  ^  ^  
J * / J o  /l?5 *S>°3 <0' A o>
k  J i ilrknfe
IAA14 □ W ild  type
□  RNAi SIARF7 - 4
□  RNAi SIARF7 - 6
<?*- V" ^
«> .5b *9> t$><rT V 9f
Figure 3. Transcript levels o f auxin-related genes in developing wild-type and transgenic fruits.
a) Relative mRNA levels of SlARF7, SlARF9 and SlGH3-like in ovaries and fruits collected from wild-type and 
RNAi SlARF7-4 and -6 lines (n = 2).
b) Relative mRNA levels of Aux/IAA  genes SlIAA1, SlIAA2 and SlIAA14. Standard errors are indicated (n = 2).
Quantification of GA content in wild-type and transgenic fruits
The fruits of the RNAi SlARF7 lines displayed several characteristics that were also found in 
GA-induced fruits, the most clear of which was an increase in cell expansion. To determine if 
these characteristics resulted from an increase in GA content, the concentrations of GA53, 
GA44, GA19 , GA20, GA29, GA1 and GAs, GAs from the early-13-hydroxylation pathway, and 
GA9, GA4 and GA34, GAs from the non-13-hydroxylation pathway were quantified. To exclude 
the GAs that are present in the fertilized ovules of wild-type fruit, which are absent in the 
unfertilized ovules of the parthenocarpic fruits, only pericarp tissues of 9-10 mm fruits were 
collected.
The pericarp of wild-type fruits contained much lower concentrations of GA19, 
whereas the concentrations of GA20, GA29 and GA1 were much higher compared to 
concentrations in the pericarp of the RNAi SlARF7 fruits (Table 2). Also the concentrations 
of GA4 and GA34 were higher in wild-type fruits compared to those in transgenic fruits. 
Concentrations of GA53 and GA44, the precursors of GA19, and concentrations of GA9, the 
precursor of GA4 could not be quantified in any of the samples.
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Table 2. Quantification o f the gibberellin content o f the pericarp from wild-type and transgenic fruits.
Gibberellin (GA) content (ng g fresh weight-1) of the pericarp from pollinated wild-type fruits and parthenocarpic 
RNAi SlARF7 fruits, 9-10 mm in diameter. Data for GAg, GA44 and GA53 are not included because they could 
not be quantified in any of the samples. The data represent the means ± standard error of two or three 
biological replicates.
Line GA19 GA20 GA29 GA, GA8 G A -fc. GA34
Wild type 
RNAi SlARF7-4 
RNAi SlARF7-6
< 0.05 
0.50 ± 0.05 
0.46 ± 0.04
2.88 ± 0.30 
0.13 ± 0.02 
0.27 ± 0.04
3.26 ± 0.11 
0.31 ± 0.03 
0.35 ± 0.04
1.50 ± 0.02 
0.43 ± 0.15 
0.60 ± 0.10
1.77 ± 0.04
< 0.05
< 0.05
1.20 ± 0.13 
0.12 ± 0.01 
< 0.05
1.46 ± 0.13 
0.32 ± 0.04 
0.40 ± 0.05
The effect of SlARF7 silencing on transcript levels of gibberellin-related genes 
Although the content of bioactive GA is reduced in the RNAi SlARF7 lines, it is possible that 
their phenotype is caused by an increased GA response. The GA response is tightly 
regulated by the negative feedback of GA on its own biosynthesis (Hedden and Kamiya, 
1997; Yamaguchi and Kamiya, 2000). Therefore, the expression of GA-genes, involved in 
GA-biosynthesis, -metabolism and -signalling were analysed. The GA level is particularly 
limited by the last steps of its biosynthesis. Bioactive GAs are produced by GA 20-oxidases 
that convert GA12  and GA53 to GA9 and GA20, respectively, the precursors of the bioactive 
forms (Hedden and Phillips, 2000a). Subsequently GAg and GA20 are converted to GA1 and 
GA4 by 3p-hydroxylation. In wild-type plants, the transcript levels of SlGA20ox1, a GA 20- 
oxidase gene, strongly increased after pollination, but not in developing unpollinated fruits of 
the RNAi SlARF7 lines (Figure 4a), corresponding to the reduced concentration of active GA 
in the latter. Notwithstanding, the expression pattern of the SlGA3ox1 gene, encoding a 30- 
hydroxylase, was similar in both wild-type and transgenic lines.
The content of active GA is not only controlled at the level of biosynthesis, but also by 
inactivation. This step is executed by GA 2-oxidases, that convert the active GA4 and GA1 to 
the inactive GA34 and GA8, respectively, and which are known to be induced by high levels of 
bioactive GAs (Sponsel and Hedden, 2004). Figure 4b shows that during fruit development 
the mRNA levels of SlGA2ox2 and -4, encoding GA 2-oxidases, were lower in the transgenic 
lines than in young wild-type fruits, suggesting a reduced feedback regulation by GAs, in this 
case corresponding with the reduced GA concentration in transgenic fruits.
Summarising, the phenotype of the RNAi SlARF7 plants suggests an increased GA 
response in the fruits, although their levels of active GA were reduced. This suggestion might 
be supported by the increased feedback regulation of SlGA20ox1 expression found in the 
transgenic fruits, but not by feedback-related expression of SlGA3ox1, SlGA2ox2 and 
SlGA2ox4. Therefore we analysed two more GA-response genes that are not related to GA 
biosynthesis; SlGID1, a putative GA receptor in tomato (Ueguchi-Tanaka et al., 2007) and 
SlGAST1 (Shi et al., 1992), both induced in wild-type plants by GAs (Serrani et al., 2008).
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The pattern of the GID1 mRNA levels, decreasing after anthesis and during fruit 
development, was comparable between wild-type and transgenic plants. However, the 
activity of the GAST1 gene was substantially higher in the SlARF7 silenced plants (Figure 
4c). In all, these findings suggest that the silencing of SlARF7 not only induced part of the 
auxin response pathway, but also part of that of GA.
Figure 4. Transcript levels o f gibberellin-related genes in developing wild-type and transgenic fruits.
a) Relative mRNA levels of GA-biosynthesis genes SlGA20ox1 and SlGA3ox1 in ovaries and fruits collected 
from wild-type and RNAi SlARF7-4 and -6 lines. Standard errors are indicated (n = 2).
b) Relative mRNA levels of GA-inactivating genes SlGA2ox2 and SlGA2ox4. Standard errors are indicated (n = 
2).
c) Relative mRNA levels of GA-signalling genes SlGID1 and SlGAST1. Standard errors are indicated (n = 2).
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Discussion
Successful completion of the fruit developmental programme depends on the action of 
phytohormones such as auxin and GA. These hormones are considered to play an important 
role in the initiation of fruit development, and in the coordination of cell division and 
expansion during the early stages of this process (Gillaspy et al., 1993). However, fruit set is 
not only regulated by positive growth factors, but also by negative regulators (Vivian-Smith et 
al., 2001). One of these regulators is Solanum lycopersicum AUXIN RESPONSE FACTOR 7 
(SlARF7), as our previous work demonstrated that transgenic tomato plants with decreased 
SlARF7 mRNA levels produced seedless (parthenocarpic) fruits (de Jong et al., 2009b). 
These fruits displayed characteristics that seemed to be the result of both increased auxin 
and GA responses during fruit growth. Here, we describe a more detailed analysis of these 
SlARF7 RNA interference (RNAi) lines. This analysis provides more insight in the role of 
SlARF7 as a modulator of tomato fruit development, and its putative function in the regulation 
of the auxin and GA signalling response pathways in the fruit.
Fruit morphology
One of the characteristics of the parthenocarpic transgenic fruits was the thick pericarp as 
compared to that of wild-type fruits, caused by an increase in cell expansion (de Jong et al., 
2009b), particularly in the mesocarp and endocarp. In general, the cells in the exocarp are 
smaller than the mesocarp and endocarp cells, because this is the tissue in which new cell 
layers arise due to periclinal cell divisions. In wild type, these divisions are completed within
5 DAP, while random orientated cell divisions occur in the pericarp up to 20 DAP (Cheniclet 
et al., 2005). However, analysis of young fruits demonstrated that in the transgenic lines the 
number of cell divisions was strongly reduced during the early stages of fruit development. 
This reduction in cell division activity was confirmed by the decreased transcript levels of the 
cell cycle-related genes CDKB2.1 and CyclinB1.1. Interestingly, the parthenocarpic fruit 
development of the tomato mutant pat, seemed to be initiated by the precocious onset of cell 
divisions in the pericarp (Mapelli et al., 1978; Mazzucato et al., 1998). Similarly, in the 
pat3/pat4 mutant, the expression of cell cycle-related genes was not reduced at the stage of 
anthesis (Pascual et al., 2009). Also in the parthenocarpic transgenic lines in which the 
negative auxin response regulator SlIAA9 was down-regulated using antisense approach, 
cell cycle related genes were already activated at anthesis, independent of pollination and 
fertilization (Wang et al., 2009). However, transgenic lines in which SlDELLA, a repressor of 
GA signalling, was silenced using antisense approach, formed parthenocarpic fruits in which 
the number of cell divisions was decreased and cell size was increased (Marti et al., 2007), 
as in the RNAi SlARF7 fruits. Based on these results, Marti et al. (2007) generated a model
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for the role of SlDELLA in early fruit development, suggesting that in the parthenocarpic 
transgenic lines the phase of auxin-regulated cell division was bypassed and fruit growth 
mainly depended on cell expansion. Furthermore, the locular tissue in fruits of both RNAi 
SlARF7 and antisense SlDELLA lines barely developed, which might be due to a reduced 
cell division activity as well. These findings are similar to those of Bunger-Kibler and 
Bangerth (1982) and Serrani et al. (2007a), who showed that the pericarp of GA-induced 
tomato fruits contained fewer cells but with a larger volume than the cells of seeded fruits, 
and that no jelly was formed resulting in empty locules. Vriezen et al. (2008) compared the 
gene expression profiles of pollinated ovaries and GA-treated ovaries. The cell cycle- 
associated genes were more strongly induced by pollination than by GA treatment, while 
most genes involved in cell expansion were induced by both pollination and GA treatment. 
However, some of these genes, such as SlEXPA5, appeared to be higher expressed after 
pollination than after GA application, whereas other genes, such as SlPEC and SlXTH1, had 
a higher level of expression after GA application (Vriezen et al., 2008). Interestingly, in the 
RNAi SlARF7 lines, the expression levels of SlPEC and SlXTH1 were higher during early 
fruit development than in wild type, while transcript levels of SlEXPA5 were similar to those in 
wild type.
Hence, both morphologic and molecular analyses displayed similarities between GA- 
induced fruits and fruits formed by the RNAi SlARF7 lines, supporting the hypothesis that in 
the RNAi SlARF7 fruits, the GA response is increased (de Jong et al., 2009b), and that 
normally SlARF7 moderates the GA response during the early stages of fruit development.
Hormone biosynthesis and -signalling
In addition to the GA-related phenotype, the fruits formed by the RNAi SlARF7 lines also 
displayed features that might be related to high levels of auxin, such as the heart-like shape, 
which was also found in other transgenic fruits with high auxin levels (Pandolfini et al., 2002), 
and the formation of seed-like structures that resemble the pseudoembryos found in auxin- 
induced fruit (Asahira et al., 1967; Serrani et al., 2007a). Moreover, the auxin-related 
phenotype of the RNAi SlARF7 fruits was supported by the increased expression of the 
auxin-inducible GH3-like (de Jong et al., 2009b). Nevertheless, the expression of several 
other auxin signalling-related genes, such as SlARF9, SlIAA2 and SlIAA14, known to be 
induced by pollination or auxin application (Serrani et al., 2008; Vriezen et al., 2008), were 
not induced in fruits of the RNAi SlARF7 lines. This implies that the auxin content within the 
parthenocarpic fruit did not increase during early development as it normally does after 
pollination and fertilization (Mapelli et al., 1978; Sjut and Bangerth, 1982), although the 
increased expression of the GH3-like gene would suggest otherwise. Interestingly, the 
transcript levels of the auxin-inducible SlIAA1 did increase during the early stages of
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parthenocarpic fruit development. These results suggest that SlARF7 may regulate only part 
of the auxin signalling pathway involved in tomato fruit set and development, and that the 
expression of other auxin-related genes, such as SlARF9, SlIAA2 and SlIAA14, requires 
pollination and fertilization signals to be activated, as previously suggested by Pascual et al. 
(2009).
Successful completion of pollination and fertilization not only induces an increase in 
auxin content, but also causes the GA content to increase rapidly during the first 10 DAP 
(Mapelli et al., 1978; Koshioka et al., 1994; Serrani et al., 2008). The phenotypic similarities 
between GA-induced fruits and RNAi SlARF7 fruits suggest that the GA content in the 
transgenic fruit could be higher as compared to that in wild-type fruit. However, the GA 
content of the transgenic fruits was actually lower than in wild type, except for GA19, the 
concentrations of which appeared to be higher in both transgenic lines. These results 
suggest that GA19 could not be converted to GA20 due to the reduced expression of 
SlGA20ox1. The reduction of SlGA20ox1 expression in the RNAi SlARF7 fruits could be the 
result of feedback regulation, when the GA-related phenotype of the transgenic fruits might 
not be due to increased GA biosynthesis, but due to increased GA signalling. Also in 
parthenocarpic antisense SlDELLA fruits, SlGA20ox mRNA levels were strongly reduced 
(Marti et al., 2007). However, if the reduction of SlGA20ox1 expression in the RNAi SlARF7 
lines was the result of feedback regulation, one would also expect feedback-related 
expression of SlGA3ox1, SlGA2ox2, SlGA2ox4 and SlGID1, unless the feedback mechanism 
of the GA 20-oxidase genes is differently regulated. Alternatively, the SlGA20ox1 gene may 
be part of the auxin signalling pathway that requires pollination and fertilization to be 
activated, corresponding with the data of Serrani et al. (2008) who showed that the 
expression of SlGA20ox1 depends on auxin. The GA-related phenotype together with the 
increased expression of the GA-response gene SlGAST1 in both transgenic lines shows that 
with the silencing of SlARF7 part of the GA signalling is enhanced. These findings indicate 
that SlARF7 not only acts as a modulator of the auxin response, but also as a modulator of 
the GA response. Normally, SlARF7 transcript levels are reduced after pollination and 
fertilization (Vriezen et al., 2008; de Jong et al., 2009b). Reduction of SlARF7 transcript 
levels by RNAi approach may release the repression of the auxin and GA signalling 
pathways that is imposed by SlARF7 independently of pollination and fertilization, resulting in 
the partial activation of these pathways and thus in parthenocarpic fruit growth. Hence, the 
fertilization-dependent step of the auxin signalling transduction pathway may be bypassed, 
which might be necessary to initiate cell division activity and stimulate GA biosynthesis 
(Figure 5).
The work we have presented here contributes to the understanding of the cross-talk 
between the signalling pathways of auxin and GA in early fruit development. Recent studies
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(Vriezen et al., 2008; Pascual et al., 2009; Wang et al., 2009; Xiao et al., 2009) have shown 
that the hormones ethylene and abscisic acid also play an important role in the regulation of 
tomato fruit set and development, demonstrating the complexity of the network that regulates 
these processes. The analysis of differences in gene expression between seeded fruits and 
parthenocarpic fruits from mutant or transgenic lines already has provided new insights into 
this regulatory network, but further work will be necessary to understand the precise 
relationship between these different plant hormones.
Figure 5. Model for SlARF7 function in tomato fruit set and development.
a) After pollination, the levels of both auxin and GA increase, resulting in the activation of auxin and GA response 
genes, which in turn will trigger fruit growth by regulating cell division and cell expansion (adapted from de 
Jong et al., 2009a). However, these pathways do not act independently of each other. Our data suggest that 
after pollination the auxin response genes stimulate GA biosynthesis through the transcriptional activation of 
GA 20-oxidases (GA20ox). Furthermore, SlARF7 acts as a negative regulator of the auxin and GA signalling 
pathways. After fertilization, transcript levels of SlARF7 decrease and both pathways are released from 
repression.
b) In the RNAi SlARF7 lines, SlARF7 transcript levels are reduced independently of fertilization. This reduction 
causes the partial activation of the auxin and GA signalling pathways (black), resulting in parthenocarpic fruit 
growth. Due to the silencing of SlARF7, the pollination- and fertilization dependent activation of the auxin and 
GA pathways is bypassed (grey).
Experimental procedures
Plant materials and growth conditions
Tomato plants (Solanum lycopersicum L. cv. Moneymaker) were grown on soil under 
standardized greenhouse conditions, with a daily temperature regime of 20-25°C (day) and
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15-18°C (night). The photoperiod was extended to 16 h by low-intensity light supplied by 
high-pressure sodium lamps (600W, Philips, http://www.philips.com).
All analysis were performed on fruits collected from wild-type and the third generation 
of RNAi SlARF7 lines 4 and 6 , these were the two transgenic lines which had only a fruit 
phenotype (de Jong et al., 2009b). All collected tissues were frozen in liquid N2 and stored at 
-80°C until RNA or GA extraction.
Real-time quantitative PCR
Total RNA was extracted from the frozen tomato plant tissues using a NucleoSpin® RNA 
plant kit (Macherey-Nagel, http://www.macherey-nagel.com) and was treated with RNase- 
free DNase I (Fermentas, http://www.fermentas.com). The total DNA-free RNA (400 ng) was 
used as a template for cDNA synthesis (iScript™ cDNA synthesis kit, Bio-Rad, 
http://www.bio-rad.com). For real-time quantitative PCR, 5 of 25-fold diluted cDNA were 
used in a 25 ^L PCR reaction containing 400 nM of each primer and 12.5 ^L iQTM SYBR 
Green Supermix (Bio-Rad). The PCR reactions were performed in a 96-well iCycler (Bio­
Rad), with a temperature programme starting with 3 min at 95°C, then 40 cycles of 15 sec at 
95°C and 45 sec at 60°C. At the end, the melting temperature of the product was determined 
to verify the specificity of the amplified fragment. The sequences of the primers used for real­
time quantitative PCR (Table S1) were obtained from Serrani et al. (2008), de Jong et al. 
(2009b), and Dr. A. Czerednik (Radboud University, http://www.ru.nl), or designed with a 
computer program (Beacon Designer 5.01, Premier Biosoft International, 
http://www.premierbiosoft.com).
Quantification of gibberellins
The GAs were quantified in the laboratory of Dr. José Luis García-Martínez (Universidad 
Politécnica de Valencia-CSIC, http://www.upv.es), following the protocol described in Fos et 
al. (2000). In short, aliquots (2 g) of frozen material were extracted with 80% methanol. After 
removing the organic phase, the water fraction was partitioned against ethyl acetate, and 
purified by QAE-Sephadex chromatography and C18 cartridges. Subsequently, the GAs 
where separated by reverse phase HPLC chromatography (4 ^m C18 column, 15 cm long, 
3.9 mm inner diameter; NovaPak; Millipore, http://millipore.com), and appropriate fractions 
were grouped for further analysis. After methylation and trimethylsililation, the GAs were 
quantified by GC-SIM, using a gas chromatograph (model 5890; Hewlett-Packard, 
http://www.hp.com) coupled to a mass-selective detector (model 5971 A; Hewlett-Packard). 
The concentrations of GAs in the extracts were determined with the calibration curves 
methodology, using the internal standards [17,17-2H]GA1, [17,17-2H]GA4, [17,17-2H]GA8, 
[17,17-2H]GA19, [17,17-2H]GA20, [17,17-2H]GA29, [17,17-2H]GA34, [17,17-2H]GA44 and [17,17-
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2H]GA53 (purchased from Dr. L. Mander, Australian National University, 
http://www.anu.edu.au) that were added to the extracts.
Microscopy
Tissues were fixed in a 2% glutaraldehyde, 0.1 M phosphate buffer pH 7.2 solution for 
overnight at 4°C. Subsequently, the tissues were dehydrated in 100% ethanol and embedded 
in spurr. Sections of 1 ^m were stained with a toluidine blue solution (0,1% in 1% borax) and 
viewed under a Leitz Orthoplan microscope (Leica Microsystems, http://www.leica- 
microsystems.com). The micrographs were made with a Leica digital camera (model DFC 
420C; Leica Microsystems), while applying shading correction with the Leica Application 
Suite software (Leica Microsystems).
Quantification methodology of cell area and number of dividing cells
The micrographs of the pericarp were optimized for further analysis by applying stitching and 
levelling in Adobe Photoshop CS3 (Adobe, http://www.adobe.com). Subsequently, the 
micrographs were subdivided in inner and outer epidermal layer, endocarp, mesocarp and 
exocarp. The endocarp was defined as the inner 1 or 2 cell layers of the pericarp, excluding 
the inner epidermal layer. The mesocarp included all the cell layers in between the endocarp 
and exocarp. The exocarp was defined as the outer 4 to 6  cell layers of the pericarp, 
excluding the outer epidermal layer. So-called exocarp cells in the layer closest to the 
mesocarp with an area of more than 450 ^m2 were re-defined as mesocarp cells. The 
vascular bundles, intercellular cavities and outer-tissue regions were masked manually. 
Then, the programs ImageJ (Rasband, 1997-2009, http://rsb.info.nih.gov/ij/) and Adobe 
Photoshop CS3 (Adobe) were used to create a binary outline of the cell walls and cell 
contents to automatically measure the morphometric features. Briefly, macros, inspired on G. 
Polder’s approach (http://www.biometris.wur.nl) were compiled in ImageJ to carry out routine 
operations, such as colour thresholding, conversion to binary image, dilation, erosion, filling 
holes and skeletonization. The resulting raw skeleton image was superimposed over the 
original image and corrected semi-automatically for edge errors and false bifurcations using 
Adobe Photoshop CS3 (Adobe) utilities. Then, the corrected skeleton image was 
reintroduced in ImageJ and measurements on cell number and calibrated cell area were 
performed (detailed information on the macros is available on request). Recent mitotic 
divisions were defined as the incomplete separation of daughter cells, when the cell plate just 
has reached the perimeter of the parent cell. In total, 2 different regions per fruit and 5 fruits 
per line have been analysed.
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Table S1. Primer sequences used for real-time quantitative PCR analysis o f cell cycle and cell division-related 
genes, genes involved in the auxin response, genes from GA metabolism, and GA response o f tomato.
Gene
Accession number Forward (F) and reverse (R) primer sequences From
SlActin 2/7 
SGN-U213132b
F 5'-GGACTCTGGTGATGGTGTTAG-3' 
R 5'-CCGTTCAGCAGTAGTGGTG-3'
de Jong et al. (2009) The Plant Journal 
57, 160-170
SlCDKB2.1
AJ297917.1a
F 5'-ATGCTGGTAAGAGTGTATCGG-3' 
R 5'-CGGAGAGTAGTTGGAGGAAC-3'
Dr. A. Czerednik, Radboud University, 
the Netherlands
SlCycB1.1
AJ243454.1a
F 5'-CGTTACTAGGAGGTCTGCTG-3'
R 5'-CCTTTAGTTACAAGAGGCTTCG-3'
Dr. A. Czerednik, Radboud University, 
the Netherlands
SlPec
BG130074a
F 5'-ATGGGAAGGATCATGGAGACAGTGG-3' 
R 5'-AAGGAAGAGGACTTCGCAGCTAAGC-3'
SlXTH1
D16456.1a
F 5'-CTGCCACGCCACAAGAAGTCC-3'
R 5'-TTTGACGAACCCAACGAAGTCTCC-3'
SlEXPA5
AF059489.1a
F 5'-AAGGGTTCAAGAACTCAATGGCAAC-3' 
R 5'-ACCATCGCCTGTAGTGACCTTAAAG-3'
SlARF9
BT013639a
F 5'-CGTAGGCGTCAACAAATACTTAGAGG-3'
R 5'-TCCACTGTGAAGAAAGATCATCAATTCC-3'
SlGH3-like
EU543264a
F 5'-TGTGACATAGTCCCAGTAACAATAACATCG-3'
R 5'-TTGAAATGGAATGTAGTAAAGAGTCATGGAAAGG-3'
de Jong et al. (2009) The Plant Journal 
57, 160-170
SlIAA1
AF022012a
F 5'-GAAAATGTTCAAGCTGAGTATC-3' 
R 5'-CTGATCCTTTCATTATCCTTAG-3'
Serrani et al. (2008) The Plant Journal 
56, 922-934
SlIAA2
AF022013a
F 5'-TACAAAAGTTATCCACAATTACTC-3'
R 5'-GGTATATAATTACATCCGTTGTATC-3'
Serrani et al. (2008) The Plant Journal 
56, 922-934
SlIAA14
BE462113a
F 5'-AGATGTTTAGCTCCTTTACTAATG-3' 
R 5'-GTTGGTACATATTCAGAACTGTTA-3'
Serrani et al. (2008) The Plant Journal 
56, 922-934
SlCPS
AB015675a
F 5'-ATACCTAGAGCTAGCGAAATC-3'
R 5'-ACTGCCTAAATAGTACGTAACC-3'
Serrani et al. (2008) The Plant Journal 
56, 922-934
SlGA20ox1
AF049898a
F 5'-CTCATTTCTAATGCTCATCGT-3'
R 5'-TGCAGATGATTCTTTCTTA GCG-3'
Serrani et al. (2008) The Plant Journal 
56, 922-934
SlGA3ox1
AB010991a
F 5'-GGCATTAGTAGTTAATATAGGTGA-3' 
R 5'-AAATAAGCTACAGAAAGTCGATA-3'
Serrani et al. (2008) The Plant Journal 
56, 922-934
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Gene
Accession number Forward (F) and reverse (R) primer sequences From
SlGA2ox2
EF441352a
F 5'-ATTAAGATCCAATAACACTTCG-3' 
R 5'-TCTTGATTTCACACTATTTGC-3'
Serrani et al. 
56, 922-934
(2008) The Plant Journal
SlGA2ox4
EF441354a
F 5'-ATGGAAGGAAAAGACAGTTTA-3' 
R 5'-CIIIICTCAAATAGGACCAAC-3'
Serrani et al. 
56, 922-934
(2008) The Plant Journal
SlGID1
BN001197a
F 5'-GATCTTGATACACCTCTCAGTACTA-3' 
R 5'-ACAGCCTTACATATACTAACAAGAC-3'
Serrani et al. 
56, 922-934
(2008) The Plant Journal
SlDELLA
AY269087a
F 5'-TGATGCGACTATACTTGATATAAG-3' 
R 5'-GGGTTAATCTGTTTAATAGAGTTC-3'
Serrani et al. 
56, 922-934
(2008) The Plant Journal
SlGAST1
X63093a
F 5'-CAACAACAGAGAAATAACCAAC-3' 
R 5'-TTATACGATGTCTTTGAACACC-3'
Serrani et al. 
56, 922-934
(2008) The Plant Journal
a GenBank accession number
b SOL Genomics Network EST identifier, http://www.sgn.corneII.edu
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Chapter 4
The Solanum lycopersicum AUXIN RESPONSE FACTOR 9 (SIARF9) regulates cell 
division activity during early tomato fruit development
Maaike de Jong, Mieke Wolters-Arts, Bernardus C.J. Schimmel, Catharina L. M. Stultiens, 
Celestina Mariani and Wim H. Vriezen
Abstract
The plant hormone auxin regulates many developmental processes by modulating the 
expression of genes. This auxin-mediated gene expression is controlled by transcription 
factors, known as AUXIN RESPONSE FACTORs (ARFs), which are encoded by large gene 
families. The mRNA levels of a tomato ARF family member, homologous to Arabidopsis 
ARF9 and therefore designated as Solanum lycopersicum ARF9 (SIARF9), were found to be 
high in the ovules, placenta and pericarp of pollinated ovaries. More detailed analysis 
showed that SlARF9 was transcribed in other plant tissues as well, such as the axillary 
meristems and root meristems. In general, these are tissues in which many cell divisions 
occur. Transgenic plants with increased SlARF9 mRNA levels formed fruits that were smaller 
than wild-type fruits. While the fruits of transgenic lines in which SlARF9 mRNA levels were 
reduced formed bigger fruits due to increased cell division activity. The expression analysis, 
together with the phenotype of the transgenic lines, suggests that, in tomato, SlARF9 acts as 
a repressor of cell division during fruit growth.
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Introduction
The phytohormone auxin acts as an important regulator in a wide range of developmental 
processes throughout a plant’s life cycle by affecting the expression of many genes 
(Theologis, 1986). This auxin-mediated gene expression is controlled by two families of 
transcription factors, the AUXIN RESPONSE FACTORs (ARFs) and the AUXIN/I NDOLE-3- 
ACETIC ACIDs (Aux/IAAs), which are represented by two large gene families in plant 
species such as Arabidopsis and rice (Hagen and Guilfoyle, 2002; Liscum and Reed, 2002; 
Wang et al., 2007). The proteins encoded by these families share two conserved C-terminal 
domains, the domains III and IV that serve as interaction domains between the Aux/IAAs and 
ARFs, which allow interaction between ARFs and Aux/IAAs with the formation of homo- or 
heterodimers, respectively (Kim et al., 1997; Ulmasov et al., 1997a; Ulmasov et al., 1999b). 
Furthermore, the ARFs contain an N-terminal B3-derived DNA binding domain (DBD) that 
binds the Auxin Response Elements (AuxRE) in the promoter regions of auxin-regulated 
genes (Ulmasov et al., 1999b), and a middle region (MR), which functions as a 
transcriptional activation or repression domain depending on its amino acid composition 
(Ulmasov et al., 1999a; Tiwari et al., 2003). The Aux/IAA proteins act as repressors by 
blocking the transcriptional activity of ARFs (Liscum and Reed, 2002). The repressing activity 
of the Aux/IAAs is conferred by the N-terminal domain I (Tiwari et al., 2004). Recently, 
Szemenyei et al. (2008) have shown that in a number of Aux/IAAs, this domain contains an 
ERF-associated amphiphilic repression (EAR) motif that recruits TOPLESS (TPL), a 
transcriptional corepressor. Additionally, the Aux/IAAs contain a fourth conserved region, the 
domain II (Tiwari et al., 2001). Auxin enhances the interactions between this domain and the 
SCFTIR1 ubiquitin ligase complex, containing the F-box auxin receptor protein TIR1 
(TRANSPORT INHIBITOR RESISTANT1), resulting in the ubiquitin-mediated degradation of 
the Aux/IAAs (Dharmasiri et al., 2005; Kepinski and Leyser, 2005; Tan et al., 2007; dos 
Santos Maraschin et al., 2009). Consequently, the ARFs are released from repression, 
resulting in transcription of auxin response genes (Woodward and Bartel, 2005). However, 
this model only supports the function of transcriptional activating ARFs. The mechanism by 
which ARF repressors regulate the expression of auxin-dependent genes is still unclear, 
since their interactions with Aux/IAAs, or with activating ARFs are very weak (Tiwari et al., 
2003; Hardtke et al., 2004). Alternatively, the ARF repressors may compete with the ARF 
activators for the AuxRE binding sites in the promoters of the auxin response genes, thus 
inhibiting the expression of these genes independently of Aux/IAAs and providing an 
alternative mechanism of gene regulation (Guilfoyle and Hagen, 2007).
In tomato (Solanum lycopersicum L.), auxin plays an important role in fruit set and 
fruit development. Iwahori (Iwahori, 1967) and Mapelli et al. (1978) showed that the auxin
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concentration in the ovary rapidly increased after pollination, reaching its maximum 7-8 days 
after pollination (DAP). A second peak of auxin activity was observed 30 DAP. The 
importance of auxin in tomato fruit set was demonstrated by the ovary-specific expression of 
the iaaM or rolB genes from Agrobacterium spp., affecting auxin synthesis or 
responsiveness, which resulted in the formation of seedless (parthenocarpic) tomato fruits 
(Ficcadenti et al., 1999; Carmi et al., 2003). Also the application of auxin on unpollinated 
ovaries led to the formation of fruits without the need for pollination and fertilization 
(Gustafson, 1936; Bunger-Kibler and Bangerth, 1982). Normally, during the first 10-14 days 
(d) of development, tomato fruit growth mainly depends on cell division. During the following 
6-7 weeks, fruit growth essentially depends on cell expansion (Mapelli et al., 1978; Bunger- 
Kibler and Bangerth, 1982; Gillaspy et al., 1993). However, in fruits induced by the auxin 
indole-3-acetic acid (IAA) the period of cell division was shorter, only lasting 10 d, although 
cell division took place at a higher rate as compared to that in seeded control fruits. 
Nevertheless, these IAA-induced fruits remained smaller than control fruits as cell expansion 
was strongly impaired (Bunger-Kibler and Bangerth, 1982). Treatments with synthetic auxins 
stimulated cell division for an extended period, resulting in the formation of fruits with a 
higher number of pericarp cells (Bunger-Kibler and Bangerth, 1982; Serrani et al., 2007a). 
These findings suggest that during the early stages of tomato fruit development, cell division 
activity is tightly regulated by auxin.
Previously, we used a cDNA-amplified fragment length polymorphism based 
transcript profiling (cDNA-AFLP) to identify genes that are differentially expressed during 
tomato fruit set (Vriezen et al., 2008). One of the genes induced by pollination appeared to 
be the putative tomato orthologue of Arabidopsis ARF9. Here we describe the functional 
analysis of this newly identified member of the tomato ARF gene family, Solanum 
lycopersicum ARF9 (SlARF9). The phenotypes of transgenic plants with either increased or 
reduced transcript levels of SlARF9 indicate that SlARF9 may act as a repressor of cell 
division during fruit growth.
Results
Expression of an AUXIN RESPONSE FACTOR homologue in tomato 
An ovary transcriptome profiling experiment (Vriezen et al., 2008) showed that one of the 
characterized transcripts specifically modulated after pollination corresponded to an ARF 
gene (GenBank Accession No. BT013639), mostly homologous to Arabidopsis thaliana 
ARF9, and was therefore designated as Solanum lycopersicum ARF9. The deduced SlARF9 
protein sequence of 658 amino acids contained the N-terminal B3-derived DNA binding
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Figure 1. Phylogeny of the Arabidopsis and tomato 
ARFs.
The neighbour-joining tree was generated using the 
whole protein sequences of the 23 Arabidopsis 
ARFs, together with the 3 tomato ARFs that have 
been studied so far. The sequences were aligned 
using ClustalW with minor manual adjustments. 
AtARF10, AtARF16 and AtARF17 were used as an 
outgroup. The bootstrap values from 100 replicates 
are indicated at each branch.
domain (amino acids 74-236) and two C-terminal dimerization domains III and IV (amino 
acids 566-602 and 609-651, respectively) that are present in most known ARFs (Figure S1). 
This predicted amino acid sequence was most similar to AtARF9 (49.7%), but also similar to 
AtARF18 (47.3%) and AtARF11 (45.7%). The phylogenetic analysis we present in this study, 
shows that SlARF9 does not cluster with AtARF9, but clusters together with AtARF11 and 
AtARF18 in the same clade as AtARF1 and AtARF2 (Figure 1). However, the exon-intron 
structure of the SlARF9 gene was most similar to AtARF9, while AtARF11 was lacking two 
introns, and AtARF18 was lacking one intron as compared to AtARF9 and SlARF9, 
respectively (Figure 2). Therefore, the identified tomato ARF gene is still referred to as 
SlARF9. BLAST searches in the databases of the National Centre for Biotechnology 
Information (NCBI) and SOL Genomics Network (SGN) resulted in the identification of
Figure 2. Genomic structure of SIARF9.
The exon-intron structure of SlARF9 is compared to 
the exon-intron structure of AtARF9, AtARF11 and 
AtARF18. The genomic sequences were aligned 
using ClustalW. Corresponding exons (black blocks) 
are indicated by the grey lines.
250 bp
76
SIARF9 regulates cell division activity
another tomato sequence (SGN-U577674) related to the AtARF9, AtARF11 and AtARF18 
genes. However, this unigene, encoding the mid region (MR) of the putative ARF, was also 
most similar to AtARF9. Therefore it is possible that after the divergence of the Solanaceae 
and Brassicacea, the three closely related ARF genes ARF9, ARF11 and ARF11 evolved in 
Arabidopsis, and two ARF9-like genes, ARF9 and ARF9a evolved in tomato (Figure S2).
The cDNA-AFLP analysis of Vriezen et al. (2008) showed that the relative transcript 
levels of SlARF9 increased within 48 h after pollination, but not after treatment with the plant 
hormone gibberellic acid (GA3), and that SlARF9 was expressed in the placental and ovular 
tissues as well as the ovary wall. This pattern was verified by real-time quantitative PCR 
(Figure 3a). Analysis of ovary mRNA collected at various stages of flower development 
showed that the SlARF9 transcript was also highly abundant in the early stages of flower 
development, but decreased during the later stages, reaching the lowest level at anthesis 
(Figure 3b). SlARF9 transcript level remained low, unless successful pollination and 
fertilization occurred. These processes increased the SlARF9 transcript levels mainly in the 
placental tissue and in the ovary wall (Figure 3c). Although GA treatment of unpollinated 
mature ovaries had no effect, auxin (IAA) application induced the expression of SlARF9 
(Figure 3d), suggesting that SlARF9 itself is responsive to auxin. So far, only the gene 
expressions of AtARF4, AtARF19 and Oryza sativa ARF23 were found to be auxin 
responsive (Ulmasov et al., 1999b; Okushima et al., 2005b; Overvoorde et al., 2005; Wang 
et al., 2007). In other plant tissues, the levels of SlARF9 transcript were very low (Figure 3e), 
suggesting that the SlARF9 function might be predominantly fruit specific.
To investigate the expression of SlARF9 in more detail, an SlARF9 promoter-uidA 
fusion was constructed, using the 2200 bp 5’-end flanking sequence of the SIARF9 coding 
region ligated upstream of the fi-glucuronidase (GUS) coding sequence of the uidA gene. 
Subsequently, this pSlARF9::uidA construct was introduced in tomato by Agrobacterium- 
mediated gene transfer. In 7 out of the 14 independent lines that were generated, uidA 
expression was observed in several tissues that were analysed by histochemical GUS 
staining. In tomato fruits of 5-6 mm diameter, corresponding to approximately 8 DAP, GUS 
staining was observed in the pericarp, in the outer cell layers of the placenta which develop 
into a gel-like substance, and in the ovules (Figure 4a). Microscopic analysis of cross­
sections through the ovules showed that the GUS staining is located at the micropylar end of 
the embryo sac (Figure 4b). The area and location of the staining, suggest that uidA was not 
expressed by the embryo proper, which is at the 4-16 cell or early globular stage of 
development (Al-Hammadi et al., 2003), but by the suspensor or by the wall ingrowths that 
developed quickly around its base (Briggs, 1995). UidA was also expressed in the glandular 
hairs at the surface of leaf and stem (Figure 4c), and in the axillary meristems, located in the 
shoot at the base of the leaves (Figure 4d). Furthermore, GUS staining was observed in the
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Figure 3. SIARF9 mRNA levels during tomato fruit set.
a) Verification of the SIARF9 expression pattern as obtained from the cDNA-AFLP analysis (Vriezen et al., 2008) 
by real-time quantitative PCR, 1, 2 and 3 d after treatment, in placenta together with ovular tissue and the 
ovary wall. Total RNA was isolated from emasculated flowers (Control), from emasculated flowers treated with 
gibberellic acid (GA3), and from emasculated flowers after hand pollination (Pollinat.).
b) Relative mRNA levels of SlARF9 in tomato ovaries collected throughout seven different stages of flower 
development. At stages 1-4, flower bud sizes were as indicated. Stage 4 represents the flower at the stage of 
emasculation. At stage 5, the flower is fully open (Anthesis). For stage 6, unpollinated flowers were collected 
at 3 d after anthesis (DAA). For stage 7, flowers were collected 3 d after hand pollination. Standard errors are 
indicated (n = 2).
c) Relative mRNA levels of SlARF9 in unpollinated tomato ovaries at anthesis and ovaries collected 3 d after 
hand pollination, dissected into ovules (Ov), placenta (Pl) and ovary wall (Wall) tissue samples. Standard 
errors are indicated (n = 2).
d) Relative mRNA levels of SlARF9 in tomato ovaries of emasculated flowers collected 6 or 24 h after auxin 
treatment (IAA). Untreated ovaries were used as a control. Standard errors are indicated (n = 2).
e) Relative mRNA levels of SlARF9 in young flower buds, unpollinated ovaries and various other floral organs 
collected from flowers at the stage of emasculation, pollinated ovaries (3 DAP), and in the hypocotyl and root 
of 10 d old seedlings. Standard errors are indicated (n = 2).
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primary root tips, early lateral root primordia and outgrowing lateral roots (Figure 4e). The 
staining was located in the meristematic zone of the root tips, in the pericycle, and in a few 
cell layers of parenchyma (Figure 4f, g).
Altogether, these results show that the activity of the SIARF9 promoter is not 
restricted to the fruit. Interestingly, most of the tissues in which this gene is transcribed are 
those in which many cell divisions occur.
F igure 4. Histochemical GUS staining of pSlARF9;;uidA tomato lines.
a) Tomato fruit, 5-6 mm in diameter, corresponding to approximately 6 DAP. The GUS staining is visible in the 
ovules (o), placenta (pl) and pericarp (p).
b) Cross section of an ovule from a 5-6 mm tomato fruit. The GUS staining is localized at the micropylar end of 
the embryo sac (es), which is encircled.
c) Glandular hairs and trichomes on the leaf surface. Only the glandular hairs showed GUS activity.
d) The apex of a 15-d-old seedling. UidA is expressed at the axillary meristems, at the base of the leaves 
(arrows).
e) Primary and lateral roots of a 15-d-old seedling.
f) Longitudinal section of a lateral root tip of a 15-d-old seedling. The GUS staining is located in the meristematic
Over-expression and silencing of SlARF9
To explore the physiological role of SlARF9 in tomato fruit set and development, transgenic
tomato lines were generated in which the gene was over-expressed. For the production of
these SIARF9 over-expression lines (SIARF9-OE), the coding sequence of SIARF9 was
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ligated to TPRP-F1 promoter, specific for the ovary and young fruit (Carmi et al., 2003). From 
the 11 independent transgenic lines that were generated, the two SIARF9-OE lines with the 
highest expression, -4 and -5, respectively, were selected for further analysis. In addition, 
transgenic tomato lines were generated in which the SIARF9 gene was silenced by RNA 
interference (RNAi) approach, using a 420 bp fragment based on the mid region of SlARF9 
(amino acids 367-506, Figure S1). The specificity of this fragment was tested by genomic 
DNA Southern blot analysis, which resulted in one strong hybridization signal (data not 
shown). The fragment was cloned into an RNAi binary vector, under the transcriptional 
regulation of the CaMV 35S promoter, and transferred to tomato by Agrobacterium-mediated 
transformation. In two out of the 12 transgenic lines that were generated, SIARF9 transcript 
levels were reduced. These two RNAi SIARF9 lines, -6, and -12, were used for further 
analysis. Expression analysis of SIARF9 during several stages of early fruit development 
showed that in wild type, the relative mRNA level of SIARF9 rapidly increased after
Figure 5. SlARF9 mRNA IeveIs in deveIoping wiId-type and transgenic fruits.
a) Relative mRNA levels of SIARF9 in ovaries and fruits collected from wild-type and SIARF9-OE lines. Standard 
errors are indicated (n = 2).
b) Relative mRNA levels of SIARF9 in ovaries and fruits collected from wild-type and RNAi SIARF9 lines. 
Standard errors are indicated (n = 2).
c) Relative mRNA levels of SIARF9a in ovaries and fruits collected from wild-type and RNAi SIARF9 lines. 
Standard errors are indicated (n = 2).
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pollination and fertilization, and was highest in fruits of 3-4 mm in diameter, corresponding to
6  DAP. In the subsequent stages, transcript levels decreased again (Figure 5). In the 
SIARF9-OE lines, SIARF9 transcript levels were already high at anthesis, independently of 
pollination, and remained high for a longer period of time as compared to transcript levels in 
wild-type fruits (Figure 5a). In the RNAi SIARF9 lines, the expression pattern of SIARF9 was 
similar to that in wild type, but the overall transcript level was reduced with 40-70% (Figure 
5b). However, transcript levels of SIARF9a were also decreased in these lines compared to 
those in wild type (Figure 5c). The SIARF9 sequence used for the generation of the RNAi 
lines held three fragments of 21-23 nucleotides highly similar to the sequence of SIARF9a, 
only containing one or two mismatches. It is possible that these fragments brought about the 
degradation of the SIARF9a mRNA.
Although the RNAi construct was under the regulation of the constitutive 35S 
promoter, no vegetative phenotypes, for example in root development or shoot branching, 
were observed. Nevertheless, both SIARF9-OE and RNAi SIARF9 lines showed a clear 
phenotype in fruit development. Histological cross-sections of fruits that were 7-8 mm in 
diameter were studied. These fruits were collected approximately 10 DAP, at the end of the 
cell division phase. Both number of cells per surface unit and number of cell layers in the 
pericarp were quantified. In general, the pericarp is differentiated in three layers: the 
endocarp, mesocarp and exocarp (Gillaspy et al., 1993). In the pericarp of SIARF9-OE fruits 
the number of mesocarp cells per mm2 appeared to be significantly lower (P < 0.05, 
Student’s t test) as compared to the number of mesocarp cells in wild-type fruits, while the 
number of cells per mm2 in the pericarp of the RNAi SIARF9 lines was significantly higher (P
< 0.05, Student’s t test) (Table 1). Furthermore, the number of cell layers in the pericarp of 
the transgenic fruits seemed to be affected. In the SIARF9-OE fruits, this number was lower 
than in wild-type fruits, while in the RNAi SIARF9 fruits this number was increased. However, 
due to the great variation among the fruits, these differences were not statistically significant
Table 1. Quantification of number of ceIIs per surface unit or number of ceII Iayers 
in the pericarp of wiId-type and transgenic fruits, 7-8 mm in diameter.
The data represent the means ± standard error of five fruits. For all measurements, 
the differences between wild-type and transgenic lines were tested for statistical 
significance. P-values (Student’s t test) are indicated.
Line Cells/mm2 Cell layers
Wild type 781 ± 50 29 ± 1
SIARF9-OE-4 452 ± 70 (P < 0.05) 27 ± 2 (P = 0.41)
SIARF9-OE-5 353 ± 88 (P < 0.05) 22 ± 2 (P < 0.05)
RNAi SIARF9-6 1246 ± 54 (P < 0.05) 35 ± 1 (P < 0.05)
RNAi SIARF9-12 1256 ± 151 (P < 0.05) 32 ± 1 (P = 0.13)
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Table 2. AnaIysis of fruit weight, and size (equatoriaI 
diameter) of mature wiId-type and transgenic fruits, 
coIIected at breaker stage.
The data represent the means ± standard error of 5-20 
fruits. For all measurements, the differences between 
wild-type and transgenic lines were statistically 
significant (P < 0.05, Student’s t test).
Line Weight (g) Diameter (mm)
Wild type 77 ± 3.0 54 ± 0.9
SIARF9-OE-4 53 ± 3.4 48 ± 1.1
SIARF9-OE-5 55 ± 3.6 48 ± 1.2
RNAi SIARF9-6 119 ± 13.3 63 ± 2.5
RNAi SIARF9-12 102 ± 7.2 59 ± 1.4
for all the transgenic lines (Table 1). In all, these findings suggest that with the over­
expression of SIARF9, the total number of cells in the pericarp was decreased, while with the 
reduction of SIARF9 transcript levels by RNAi approach, the total number of cells in the 
pericarp was increased. Analysis of fruit weight and diameter of mature fruit at breaker stage 
showed that fruits of SIARF9-OE lines were significantly smaller (weight P < 0.05, diameter P
< 0.05, Student’s t test) than wild-type fruits. In contrast, fruits of the RNAi SIARF9 lines were 
significantly bigger (weight P< 0.05, diameter P< 0.05) than wild-type fruits (Table 2). 
Moreover, microscopic analysis showed that the number of cell layers in the pericarp of RNAi 
SIARF9 fruits was higher than in wild-type fruits, although these differences were not 
statistically significant, and the number of cells per surface unit was similar in the pericarp of 
both wild-type and RNAi SIARF9 fruits (Table 3). Therefore, the greater size of the RNAi 
SIARF9 fruits is probably mainly caused by extra anticlinal cell divisions in the pericarp, 
whereas the number of cell divisions in the SIARF9-OE lines might have been reduced, 
resulting in the formation of smaller fruits.
Table 3. Quantification of number of ceIIs per surface unit or number of ceII Iayers 
in the pericarp of mature wiId-type and RNAi SIARF9 fruits, coIIected at breaker 
stage.
The data represent the means ± standard error of five fruits. For all measurements, 
the differences between wild-type and transgenic lines were tested for statistical 
significance. The p-values (Student’s t test) are indicated.
Line Cells/mm2 Cell layers
Wild type 6.88 ± 0.51 27 ± 2
RNAi SIARF9-6 7.44 ± 0.55 (P = 0.48) 32 ± 3 (P = 0.20)
RNAi SIARF9-12 9.60 ± 1.19 (P = 0.08) 33 ± 2 (P = 0.05)
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Discussion
When the ovary transforms into a fruit after pollination and fertilization, several genes 
involved in cell cycle and cell expansion are induced (Vriezen et al., 2008; Pascual et al., 
2009; Wang et al., 2009). The induction of these genes is likely to be mediated by the 
hormones auxin and gibberellin, since treatments of unpollinated ovaries with auxin resulted 
in the formation of fruits with a higher number of pericarp cells, whereas the pericarp of GA- 
induced fruits contained fewer but bigger cells (Bunger-Kibler and Bangerth, 1982; Serrani et 
al., 2007a). In accordance, our previous work to identify genes involved in fruit set showed 
that the expression of both auxin- and GA-related genes were up-regulated after pollination 
(Vriezen et al., 2008). One of these auxin-related genes appeared to be the putative 
orthologue of Arabidopsis thaIiana AUXIN RESPONSE FACTOR 9 (AtARF9). Here we 
describe the functional analysis of this ARF, designated as SoIanum Iycopersicum ARF9 
(SlARF9). In Arabidopsis, ARF9 has been characterized as a transcriptional repressor 
(Ulmasov et al., 1999a; Tiwari et al., 2003), but the function of this transcription factor is still 
largely unknown, as most T-DNA insertion mutant lines did not show an obvious phenotype 
(Okushima et al., 2005b). However, ARF9 mutant lines lacking the 3’-end of the transcript 
over-responded after gravistimulation, suggesting that AtARF9 might be involved in the 
gravitropic signal transduction (Roberts et al., 2007). Furthermore, AtARF9 was found to be 
expressed in the suspensor of the embryo, and double knock-out lines, in which both ARF9 
and ARF13 were silenced, showed that ARF9 is necessary for the control of suspensor 
development (Liu et al., 2008).
So far, ARF9 function has not been related to Arabidopsis fruit development. The only 
ARF known to be involved in this process is FRUIT WITHOUT FERTILIZATION 
(FWF)/ARF8, as fwf/arf8 mutant lines form parthenocarpic siliques (Goetz et al., 2006). In 
tomato, transgenic lines with reduced SIARF7 transcript levels also form parthenocarpic 
fruits, which indicate that SlARF7 acts as a negative regulator of fruit set (de Jong et al., 
2009b). The only other member of the tomato ARF family characterized so far is the 
DEVELOPMENTALLY REGULATED GENE 12 (DR12), the homologue of AtARF4. The 
mRNA levels of DR12 increased throughout fruit development, and reached the highest level 
at the early red-stage fruit. Down-regulation of this gene by anti-sense approach affected the 
fruit firmness at the red stage (Jones et al., 2002). In contrast, SIARF9 was mainly expressed 
at the early stages of fruit development. These stages correspond to the period in which 
tomato fruit growth mainly depends on cell division (Mapelli et al., 1978; Bunger-Kibler and 
Bangerth, 1982; Gillaspy et al., 1993). SIARF9 expression was also induced in unpollinated 
ovaries treated with auxin, while SIARF9 transcript levels did not increase in parthenocarpic 
fruits formed after gibberellin application (Vriezen et al., 2008). Furthermore, the results of
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the GUS analysis showed that SIARF9 was also expressed in other plant tissues in which 
many cell divisions occur. In all, these findings suggest that SlARF9 might regulate cell 
division activity.
Despite the fact that SIARF9 cannot be considered as a fruit specific gene, the RNAi 
SIARF9 lines only displayed a fruit phenotype, indicating that in other plant tissues SlARF9 
may act redundantly with other members of the ARF protein family. Possibly, SlARF9 and 
SlARF9a have redundant functions and the fruit phenotype of the RNAi SIARF9 lines 
originates from down-regulation of both messengers. The SIARF9 sequence used for the 
generation of the RNAi construct may have triggered the co-silencing of SIARF9a. Although 
the fragments of SIARF9a homologous to the sequence used for the RNAi construct 
contained a few mismatches, in plants, RNAi can still be efficient despite a small number of 
mismatches with the target mRNA (Tang et al., 2003). However, the down-regulation of 
SIARF9a transcript levels in the fruit also could have been the indirect result of reduced 
SIARF9 transcript levels. In Arabidopsis, Gutierrez et al. (2009) showed that ARF6, ARF8 
and ARF17 represent a complex network, regulating the formation of adventitious roots. 
These ARFs regulate each other’s transcript abundance and the abundance of each other’s 
regulatory miRNAs. Therefore, it is possible that, in tomato, transcript levels of SIARF9 and 
SIARF9a also depend on one another.
Decreased SIARF9 transcript levels resulted in the formation of bigger fruits probably 
mainly due to extra anticlinal cell divisions in the pericarp, whereas increased SIARF9 
transcript levels led to the formation of smaller fruits as compared to wild type. These 
opposite phenotypes support the hypothesis that SlARF9 regulates cell division, actually as a 
repressor. Another protein known to control cell division in the early stages of tomato fruit 
development, is FW2.2 (Liu et al., 2003; Cong and Tanksley, 2006). Cong and Tanksley 
(2006) showed that this protein interacts with a CKII kinase, which plays an important role in 
the signalling cascade that modulates the cell cycle. Possibly, SlARF9 also acts as an 
indirect repressor of cell division activity by interacting with cell-cycle related proteins. 
Alternatively, SlARF9 may modulate the expression of auxin-regulated genes or may directly 
affect the transcription of cell-cycle related genes.
To date, one member of the Arabidopsis ARF gene family, AtARF2, also has been 
identified as a repressor of cell division, since the ovules of the megaintegumenta (mnt)/arf2 
mutant were increased in volume due to extra anticlinal cell divisions in the integuments, 
which continued for a longer period than in wild-type ovules. Furthermore, the expression of 
genes that promote cell division was not increased in young dividing tissues, but prolonged 
during maturation (Schruff et al., 2005). Accordingly, the period of cell division might have 
been prolonged in the pericarp of the RNAi SIARF9 fruits. By contrast, in the SIARF9-OE 
fruits, this period might have been reduced and pericarp cells started to expand at an earlier
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time point than in developing wild-type fruits. However, to verify this hypothesis, more 
detailed analysis on the timing of cell division and the expression of cell-division related 
genes will be necessary.
After successful fertilization, the tomato ovary rapidly grows into a fruit through the 
induction of cell cycle-related genes (Chevalier, 2007). The simultaneous induction of a cell 
cycle repressor, such as SlARF9, demonstrates the tight regulation of this process. Although 
it has been well established that auxin affects the number of cell divisions in the fruit 
(Bunger-Kibler and Bangerth, 1982; Serrani et al., 2007a), the regulatory mechanisms are 
still poorly understood. Unravelling the role of SlARF9 in this process and its position in the 
auxin signalling pathway should provide more insight in the regulation of cell division. 
Moreover, further elucidation of the SlARF9 signalling pathway may clarify the function of 
ARF repressors in the regulation of auxin-dependent genes.
Experimental Procedures
PIant materiaIs and growth conditions
The tomato plants (SoIanum Iycopersicum L. cv. Moneymaker) were grown as described in 
de Jong et al. (2009b). Also the in vitro culture was performed following the protocol in de 
Jong et al. (2009b). For expression analysis of SIARF9 in ovaries, flowers were emasculated
3 d before anthesis. Hand pollination or hormone treatments were carried out at the stage of 
anthesis. SIARF9 expression under the influence of auxin was analysed in ovaries of flowers 
treated with 2 pl of 1 mM 4-Cl-IAA (Sigma-Aldrich, http://www.sigmaaldrich.com) in 2% 
ethanol. The treatment was repeated 6 h after the first application. Control flowers were 
collected at the stage of anthesis. For analysis of SIARF9 expression in the transgenic lines, 
pericarp tissue was collected from ovaries and fruit that were formed by the second 
generation (T2) of the SIARF9-OE lines, and the first generation (T1) of RNAi SIARF9 lines. 
All collected tissues were frozen in N2 and stored at -80°C until RNA extraction.
ReaI-time quantitative PCR
The total RNA was isolated and reverse transcribed to cDNA, following the protocol 
described in Chapter 3. Also for the real-time quantitative PCR, the same conditions were 
used as mentioned in Chapter 3. The primers used for real-time quantitative PCR were 
designed with a computer program (Beacon Designer 5.01, Premier Biosoft International, 
http://www.premierbiosoft.com) as follows:
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Gene
accession number Forward (F) and reverse (R) primer sequences
SIActin 2/7 (ref.) F 5'-GGACTCTGGTGATGGTGTTAG-3'
SGN-U213132b R 5'-CCGTTCAGCAGTAGTGGTG-3'
SIARF9 F 5'-CGTAGGCGTCAACAAATACTTAGAGG-3'
BT013639a R 5'-TCCACTGTGAAGAAAGATCATCAATTCC-3'
SIARF9a F 5’-TTGCGTCCTCACAATTCGGAAAGC-3’
SGN-U577674b R 5’-CCAGAGCACCCTTCAGCAGAGC-3’
a GenBank accession number
b SOL Genomics Network EST identifier, http://www.sgn.cornell.edu
IsoIation of the genomic SlARF9 sequences
For the structural characterization of SIARF9, several PCR products were amplified on 
genomic tomato DNA, isolated from young leaf tissue. The primers were derived from the 
coding sequence of SIARF9 (Genbank accession number BT013639). The PCR-products 
were completely sequenced and aligned to provide the information on the exon-intron 
structure of SIARF9.
Genome walking (GenomeWalker universal kit, BD Biosciences, 
http://www.bdbiosciences.com) on the SnaI (Fermentas) Genome Walker library using the 
gene-specific primer 5’-TTCTTCAGCCAGGAAATGACTATTGATAACTCG-3’ (reverse), and 
nested primer 5’-GGAGAATTCATATTCGGCTGAGAC-3’ (reverse) resulted in the isolation of 
a 3 kb fragment corresponding to the SIARF9 promoter. The Erase-a-Base system 
(Promega, http://www.promega.com) was used to generate subclones containing 
progressive unidirectional deletions of this fragment. Subsequently, these subclones were 
sequenced and aligned, using ClustalW (http://www.ebi.ac.uk/clustalW).
PIant transformation
To generate the fruit specific SIARF9 over-expression lines, the coding sequence of SIARF9 
(forward 5’-CACCAT GGCAACT AT AAAT GGGT GGT G-3’, reverse 5’-
TTAACTGTCTGCGCGAGACAGGG-3’) was cloned into the pENTR™/D-TOPO entry vector 
(Invitrogen). This clone was recombined with the pGD625 binary vector (Dr S. de Folter, 
Wageningen University, the Netherlands), in which the cauliflower mosaic virus (CaMV) 35S 
promoter was replaced for the ovary and young fruit specific TPRP-F1 promoter (Carmi et 
al., 2003) by M. Busscher (Plant Research International, the Netherlands). For the 
generation of the RNAi SlARF9 lines, a fragment of the SlARF9 midregion (amino acids 367­
506, forward 5’-AAAAAGCAGGCTGTCCCACCAACCGCAGAGAAGAAC-3’; reverse 5’- 
AGAAAAGCTGGGTGCTGTAGTCGTGCCTCAGTAGTGC-3’) was cloned into the 
pDONR™221 entry vector (Invitrogen), which was subsequently recombined with the binary
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vector pK7GWIWG2(I) (Karimi et al., 2002) in both sense and antisense orientation under the 
transcriptional regulation of the CaMV 35S promoter and terminator. To generate the 
pSlARF9::uidA lines, the promoter fragment of SIARF9 (2200 bp, forward 5’- 
CACCTTTT CAAAGAGGTGT GACATTTTCAAT AAC-3’; reverse 5’-
CAACCTTCAATTCCAAAAACTAAAGAACACCC-3’) was cloned into the pENTR™/D-TOPO 
entry vector. This entry clone was recombined with the destination vector pKGWFS7 (Karimi 
et al., 2002).
The transgenic tomato plants were generated by Agrobacterium tumefaciens 
mediated transformation, as described in de Jong et al. (2009b). Although grown on 
kanamycin-containing medium, possible escapes were detected by PCR with primers 
specific for the kanamycin resistance gene (forward 5’-GACTGGGCACAACAGACAATCG-3’, 
reverse 5’- GCTCAGAAGAACTCGTCAAGAAGG-3’) on genomic DNA. Subsequently, lines 
were tested for tetraploidy, as only diploid lines were used for further analysis.
Histochemical analysis of GUS activity
Tissues of first generation adult plants (T1) and 15 d old seedlings (T2) of the pSlARF9::uidA 
lines were submerged in GUS-staining buffer containing 0.1% Triton X-100, 0.5 mM Fe2+CN, 
0.5 mM Fe3+CN, 10 mM EDTA, 1 mg ml-1 X-Gluc, 0.1 mg ml-1 in 50 mM phosphate buffer, pH 
7.0. After incubation at 37°C, the tissues were cleared with 70% ethanol and viewed under a 
stereomicroscope (Leica MZFL III, Leica Microsystems, http://leica-microsystems.com). For 
detailed analysis of lateral roots and ovules by light microscopy, the GUS-stained tissues 
were embedded in Technovit 7100 (Heraeus Kulzer, http://www.heraeus-kulzer.com). The 
embedded tissues were sliced into sections of 5 pm. The sections of the lateral roots were 
counterstained with 0.5% safranine, and subsequently partly de-stained with 70% ethanol. 
The sections were viewed under a Leitz Orthoplan microscope (Leica Microsystems). Images 
were made with a Leica digital camera (model DFC 420C; Leica Microsystems).
Quantification methodology of cell area and number of cell layers
Pericarp tissues of 7-8 mm diameter fruits were fixed in a 2% glutaraldehyde, 0.1 M 
phosphate buffer pH 7.2 solution for overnight at 4°C. Subsequently, the tissues were 
dehydrated in an ethanol series and embedded in Spurr. Sections of 1 pm were stained with 
a toluidine blue solution (0.1% in 1% borax). Pericarp tissue of mature fruits at the breaker 
stage, were fixed in FAA (5% acetic acid, 3.7-4.1% formaldehyde solution and 50% ethanol), 
dehydrated in an ethanol series and subsequently embedded in Technovit. Sections of 5 pm 
were stained with a toluidine blue solution. The sections were viewed under a Leitz 
Orthoplan microscope (Leica Microsystems), and micrographs were made with a Leica digital
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camera (model DFC 420C; Leica Microsystems). These micrographs were used for further 
analysis.
For analysis of the 7-8 mm fruits, square sections of 0.16 mm2 were delimited and 
positioned approximately 0.1 mm from the inner pericarp, including the epidermal layer. For 
analysis of the mature fruits, sections of 9 mm2 were delimited and positioned approximately 
1 mm from the inner pericarp. Then the total number of cells inside these squares was 
counted. Cells that were positioned in the sections for 2/3 of their size or more were included. 
For estimations on the number of cell layers within the pericarp, a line was drawn across the 
pericarp sections, and the number of cells along this line, including cell layers of the 
epidermis, exocarp, mesocarp and endocarp were scored. In total, 1 region per fruit and 5 
fruits per line were analysed.
Construction of the neighbour-joining tree
The whole protein amino acid sequences of all 23 ARFs of Arabidopsis thaliana and the 3 
studied tomato ARFs were aligned with ClustalW. After minor manual adjustments, a 
neighbour-joining tree was generated using the Phylogeny.fr platform (Dereeper et al., 2008), 
available on http://www.phylogeny.fr/version2_cgi/index.cgi. Default parameters were used 
and 100 bootstrap replicates were generated.
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Supporting information
Figure S1. Alignment of the predicted amino acid sequences of SIARF9 and AtARF9.
The numbers on the left indicate the positions relative to the putative translational start site 
domain is underlined with a dashed line and the conserved domains III and IV are indicated 
thick dashed line, respectively. Identical and similar amino acids are shaded in black and grey,
. The DNA binding 
by a thick line or a 
respectively.
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Figure S2. Alignment of the predicted amino acid sequences of SIARF9 and SIARF9a.
The numbers on the left indicate the positions relative to the putative translational start site. Identical and similar 
amino acids are shaded in black and grey, respectively. The sequence of SlARF9a is based on the following 
unigene sequences (SOL Genomics Network EST identifier): SGN-U567299, SGN-U567298, SGN-U577674, 
SGN-U592264, SGN-U590247, respectively, manually aligned to the genomic sequence of scaffold 2257 from the 
pre-released tomato genome shotgun sequence (The International Tomato Genome Sequencing Consortium), 
and is based on homology to SlARF9.
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Comparative promoter analysis of Solanum lycopersicum AUXIN RESPONSE FACTOR 
9 (SIARF9) and Arabidopsis thaliana AUXIN RESPONSE FACTOR 9 (AtARF9)
Maaike de Jong, Anouk ten Elzen, Celestina Mariani and Wim H. Vriezen
Abstract
The next step in the genomics revolution is to translate the gene function from model species 
to crop species. However, in order to succeed, target genes with a proven function in a 
model species should control a similar function in the crop species of interest. One approach 
to determine whether there has been a conservation or diversification in gene function is to 
analyse the expression of orthologous genes. In tomato, Solanum lycopersicum AUXIN 
RESPONSE FACTOR 9 (SlARF9) has been characterized as a negative regulator of cell 
division during the early stages of fruit development (Chapter 4). By contrast, in Arabidopsis 
thaliana, its putative orthologue AtARF9 might be involved in gravitropism and suspensor 
development. The promoter sequences of both ARF9 genes contain auxin-related cis-acting 
elements, similar to those found in auxin response genes. However, the transcript levels of 
AtARF9 appeared not to be auxin-induced. Furthermore, the expression patterns of the 
orthologous genes were not the same in tomato and Arabidopsis, suggesting that the 
diversification in ARF9 function may partially reside in a diversification in gene regulation.
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Introduction
Already in the mid-1940’s, Laibach (1943) described Arabidopsis thaliana as a suitable 
model for genetic and developmental biological research due to its small size, simple growth 
requirements, large natural variation in physiological traits among accessions, and large 
number of progeny. During the past 25 years, its low DNA content, transformation efficiency 
and completely sequenced genome allowed this plant species to be adopted as a powerful 
tool in molecular biology (Meyerowitz and Pruitt, 1985; Somerville and Koornneef, 2002), 
which resulted in the characterization and function analysis of many genes. To date, a 
function has been assigned to approximately half of the 26,000 genes present in the genome 
of Arabidopsis (Rhee, 2000; The Arabidopsis Genome Initiative, 2000; Lan et al., 2007). The 
following step in the genomics revolution is to translate these gene functions to crop species 
in order to improve their biotic and abiotic stress tolerance, plant development and quality 
traits useful for consumers (Salentijn et al., 2007). A promising tool to realize this goal is the 
‘candidate gene approach’ (Byrne and McMullen, 1996; Pflieger et al., 2001), which is based 
on the assumption that genes with a proven function in a model species control a similar 
function in the crop species of interest (Salentijn et al., 2007). Alternatively, the genes with a 
similar function should co-localize with a trait-locus (Salentijn et al., 2007). However, the use 
of the candidate gene approach is limited, as genes do evolve to have distinct functions 
among different species (Hofer and Ellis, 2002).
Sequence analysis of the Arabidopsis genome revealed that a large number of genes 
has arisen from large scale duplications (Vision et al., 2000). These duplications have 
facilitated the functional diversification of genes as the duplicate copy is released from 
constrains, allowing sequence evolution (Irish and Litt, 2005). This evolution may result in the 
partial or complete loss of function, or in the development of new functions, since changes in 
the biochemical activity of gene products may facilitate the formation of new protein-protein 
interactions (Hofer and Ellis, 2002). Furthermore, the activity of a protein can be influenced 
by its cellular location, suggesting that the function of a gene also could have been diverged 
as a result from changes in gene regulation (Ashburner et al., 2000). Therefore, Hileman et 
al. (2006) characterized the expression patterns of the tomato (Solanum lycopersicum L.) 
MIKC-type MADS-box genes, and compared those to the spatial expression of the MADS­
box genes in Arabidopsis to pinpoint where evolutionary shifts in expression, and likely 
diversification in gene function, of these genes have occurred.
Previously, we performed a functional analysis of Solanum lycopersicum AUXIN 
RESPONSE FACTOR 9 (SlARF9), the putative orthologue of Arabidopsis ARF9 (Chapter 4). 
In general, ARFs encode DNA-binding transcription factors that control the auxin-mediated 
gene expression (Guilfoyle and Hagen, 2007). The transcript levels of SlARF9 were found to
94
Promoter analysis of SIARF9 and AtARF9
be low in the unpollinated mature tomato ovary, but increased within 48 h after pollination or 
after auxin application. Transgenic plants with increased SIARF9 mRNA levels formed fruits 
that were smaller than wild-type fruits. By contrast, the fruits of transgenic lines in which 
SIARF9 mRNA levels were reduced formed bigger fruits due to increased cell division 
activity, indicating that SlARF9 may act as a negative regulator of cell division. In 
Arabidopsis, the function of this transcription factor is still largely unknown. Arabidopsis 
ARF9 mutant lines lacking the 3’-end of the transcript over-responded after gravistimulation, 
suggesting that AtARF9 might be involved in the gravitropic signal transduction (Roberts et 
al., 2007). Furthermore, AtARF9 was found to be expressed in the suspensor of the embryo, 
and double knock-out lines, in which both ARF9 and ARF13 were silenced, showed that 
ARF9 is necessary for the control of suspensor development (Liu et al., 2008). These data 
suggest that SlARF9 has a different function than AtARF9 in the regulation of plant 
development. Here we show that regulatory elements in the promoter sequence of the 
putative ARF9 orthologues diverged, and that the expression patterns of these orthologues 
vary in tomato and Arabidopsis, supporting the hypothesis that there has been a 
diversification in ARF9 function.
Results
In silico promoter analysis of SIARF9 and AtARF9
Vriezen et al. (2008) showed that the putative tomato orthologue of Arabidopsis thaliana 
AUXIN RESPONSE FACTOR 9 (AtARF9) was differentially expressed during tomato fruit 
set. The transcript levels of Solanum lycopersicum ARF9 (SIARF9) increased within 48 h 
after pollination. However, the expression of SlARF9 was also induced in unpollinated 
ovaries treated with the hormone auxin (Chapter 4, Figure 1a). So far, only the gene 
expressions of AtARF4, AtARF19 and Oryza sativa ARF23 were found to be auxin induced 
(Ulmasov et al., 1999b; Okushima et al., 2005b; Overvoorde et al., 2005; Wang et al., 2007). 
In this study, we analysed the 1500 bp 5’ upstream region from the SlARF9 gene with the 
PlantCARE (Lescot et al., 2002) and PLACE (Higo et al., 1999) software for the presence of 
auxin-related cis-acting regulatory elements, which resulted in the identification of two
Figure 1. SIARF9 mRNA levels in auxin-treated 
tomato ovaries.
Relative mRNA levels for SIARF9 in tomato ovaries 
of emasculated flowers collected 24 h after auxin 
treatment (IAA). Untreated ovaries were used as a 
control. Standard errors are indicated (n = 2).
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degenerated Auxin Response Elements (AuxREs) (Table S1). These elements are typically 
found in the promoter sequences of auxin response genes and are bound by the ARF 
transcription factors (Ulmasov et al., 1999b). Furthermore, the promoter sequence contained 
several NTBBFIARROLB-elements. These elements were first identified in the promoter 
sequence of rolB, one of the oncogenes present in the T-DNA sequence of Agrobacterium 
rhizogenes, and are involved in the auxin-inducible expression of rolB in plants (Baumann et 
al., 1999). Both AuxRE’s and NTBBFIARROLB-elements were also overrepresented in the 
promoter sequences of SIIAA2 and SIIAA14. These genes are two members of the tomato 
AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) gene family, a family of transcriptional repressors 
that regulate the expression of auxin-responsive genes. However, many Aux/IAAs are 
induced by auxin themselves (Reed, 2001). SIIAA2 and SIIAA14 expression was up- 
regulated after pollination (Vriezen et al., 2008), but also in unpollinated ovaries treated with 
auxin, similar to SIARF9 (Figure 1). Analysis of the AtARF9 promoter sequence resulted in 
the identification of several auxin-related cis-acting elements (Table S1). AuxREs, 
degenerated AuxREs, and NTBBF1ARROLB-elements were present. Furthermore, the 
element ASF1MOTIFCAMV was overrepresented. This element was found in a number of 
auxin-responsive genes, and was originally detected in the CaMV 35S promoter (Liu and 
Lam, 1994). Similar auxin-related elements were present in the promoter sequences of the 
auxin-inducible AtIAAl and AtIAA5 (Abel et al., 1995).
The in siIico promoter analysis showed that the 5’-end upstream region of the ARF9 
genes hold the same auxin-related cis-acting elements as found in the promoter regions of 
the auxin-inducible Aux/IAA genes, suggesting that the expression of both SIARF9 and 
AtARF9 is regulated by auxin. Moreover, most of the identified cis-elements were of the 
similar type in the tomato and Arabidopsis promoter sequences.
Auxin-inducibIe expression of SlARF9 and AtARF9
As similar auxin-related cis-acting elements were detected in the promoter sequences of 
SIARF9 and AtARF9, one would expect that the auxin-inducibility of the SIARF9 promoter is 
maintained in Arabidopsis. Therefore, the 2200 bp 5’-end flanking sequence of the SIARF9 
coding region was ligated upstream of the fi-gIucuronidase (GUS) coding sequence of the 
uidA gene. Subsequently, this pSIARF9::uidA construct was introduced in Arabidopsis by 
Agrobacterium-mediated gene transfer. Mature rosette leafs of the generated transgenic 
lines were mock-treated or treated in a solution of 50 pM indole-acetic-acid (IAA). After 3 h 
and 9 h of incubation, the leaf samples were analysed for uidA-expression by real-time 
quantitative PCR. Furthermore, these tissue samples also were used to study the auxin- 
inducibility of AtARF9 expression.
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Although the expression of uidA could be detected, the levels were too low to be 
quantified reliably. In contrast, AtARF9 transcript levels could be quantified. The transcript 
levels of AtARF9 increased 3 h and 9 h after lAA-treatment. However, expression was also 
up-regulated in the mock-treated samples (Figure 2). Therefore, the expressions of AtIAA1 
and AtIAA5 were analysed. The transcript levels of these genes were strongly induced in the 
lAA-treated samples, while the transcript levels remained low in the mock-treated samples 
(Figure 2). These results showed that the experimental set-up was correct, and indicated 
that, although putative auxin-related elements were present in the promoter sequence, 
expression of AtARF9 is not induced by auxin. The lAA-treatment was repeated on 10-d-old 
seedlings of the pSlARF9wuidA lines, but again we were not able to quantify the uidA 
expression by real-time quantitative PCR.
Figure 2. Auxin-induced expression o f AtARF9, 
A tlA A l and AtIAA5 in lea f tissue o f transgenic 
Arabidopsis pSlARF9;;uidA lines 2 and -9.
Standard errors are indicated (n = 2). The tissues 
were collected 3 h or 9 h after auxin treatment (I 3h 
and I 9h). Untreated leaves (C 0h), or leaves 
incubated in a mock solution (C 3h and C 9h) were 
used as control samples.
Expression patterns of SlARF9 and AtARF9 in Arabidopsis
Since the expression of the pSlARF9::uidA was too low to be quantified, the question raised 
whether the regulatory elements present in the promoter sequence of SlARF9 were still 
functional in Arabidopsis. Therefore, the pSlARF9::uidA lines were analysed by 
histochemical GUS staining. In 10-d-old seedlings the stipules, young developing leaves, 
trichomes of the developing leaves, the early lateral root primordia, and the root tips of the 
lateral roots stained blue (Figure 3a). Furthermore, GUS activity was detected in several 
tissues during flower morphogenesis. The youngest flower buds displayed no GUS activity 
(Figure 3b), but in larger buds uidA expression was observed in the stigma and the tip of the 
sepals (Figure 3c). After pollination, GUS activity was also detected in the developing seeds 
(Figure 3d). However, in the siliques collected approximately 6 d after pollination (DAP), no 
GUS activity was observed (Figure 3e).
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F igure 3. Histochemical GUS staining o f
pSlARF9;;uidA Arabidopsis lines.
a) 10-d-old seedling, in which the stipules, young 
developing leaves, trichomes of the primary 
leaves, the early lateral root primordia, and the 
root tips of the lateral roots were stained blue.
b) In the young flower bud no GUS activity was 
observed.
c) In the larger bud, uidA expression was observed 
in the stigma and the tip of the sepals.
d) Flower after pollination, in which the stigma and 
developing seeds were stained blue.
e) In the silique, collected approximately 6 DAP, no 
GUS activity was observed.
To investigate the expression of AtARF9 in more detail, transgenic lines were generated, 
using the 2466 bp 5’-end flanking sequence of the AtARF9 coding region ligated upstream of 
the uidA coding sequence, and analysed by histochemical GUS staining. In 10-d-old 
seedlings, the stipules and trichomes of the developing leaves were stained. Moreover, GUS 
staining could be detected in the central cylinder of the roots (Figure 4a). During flower 
morphogenesis, no uidA expression was observed in the youngest buds (Figure 4b). In the 
larger buds only the stamen were stained (Figure 4c). A closer view showed that this staining 
was located in the developing pollen grains, the tapetum cells and the parenchyma cells of 
the anthers (Figure 4d). In mature flower buds collected just before anthesis, the uidA 
expression in the stamen was decreased, but increased throughout the gynoecium (Figure 
4e). After pollination, the uidA expression of the gynoecium became more apparent (Figure 
4f), and was maintained in the developing silique. Furthermore, the silique abscission zone 
was stained (Figure 4g).
These results demonstrated that the regulatory elements present in the promoter 
sequence of SlARF9 were still functional in Arabidopsis. However, the SlARF9 promoter and 
AtARF9 promoter are active in different tissues, suggesting that the putative diversification of
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Figure 4. Histochemical GUS staining of
pAtARF9;;uidA Arabidopsis lines.
a) 10-d-old seedling, in which the stipules, 
trichomes of the developing leaves, and central 
cylinder of the roots were stained blue.
b) In the young flower bud, no GUS activity was 
observed.
c) In the larger bud, the stamen were stained.
d) Cross-section of a very young anther with high 
GUS activity in the developing pollen grains, 
tapetum cells and parenchyma cells.
e) Flower bud collected just before anthesis, the 
uidA expression in the stamen was decreased, 
but increased throughout the gynoecium.
f) Flower after pollination, in which uidA was 
expressed throughout the gynoecium.
g) In the silique, collected approximately 6 DAP, 
GUS staining was maintained. Furthermore the 
silique abscission zone was stained.
the ARF9 gene function is, at least partially, mediated by a diversification of the promoter 
regulatory elements.
Discussion
In our previous work, we demonstrated that Solanum lycopersicum AUXIN RESPONSE 
FACTOR 9 (SlARF9) acts as a negative regulator of cell division during the early stages of 
tomato fruit development (Chapter 4). In addition to the fruit, SlARF9 was also expressed in 
the axillary meristems, root tips and lateral root primordia, these are all tissues in which many
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cell divisions occur. Furthermore, the expression of SIARF9 could be induced by the 
hormone auxin. In this study, we analysed the SIARF9 promoter sequence, which identified 
several auxin-related cis-acting elements. The promoter contains two degenerated Auxin 
Responsive Elements (AuxREs) that may allow transcriptional regulation by other ARFs 
(Ulmasov et al., 1999b). In Arabidopsis thaliana, ARF19 is also induced by auxin, and its 
promoter contains several AuxREs that might be targeted by AtARF7, since both ARF19 and 
ARF7 are required for the correct regulation of leaf expansion and lateral root induction 
(Okushima et al., 2005b; Wilmoth et al., 2005). Besides the AuxREs, the promoter sequence 
of SIARF9 contained several elements that were first identified in the promoter sequence of 
the oncogene rolB (De Paolis et al., 1996). In tobacco these elements are recognized by the 
Dof protein NtBBFI, a transcription factor that plays an important role in regulating the 
expression of rolB in response to auxin (Baumann et al., 1999). RolB is mainly expressed in 
root and shoot meristems, corresponding to its function as stimulator of meristem formation 
(Altamura et al., 1994). Interestingly, these are the same tissues in which SlARF9 is 
expressed. Hence, the presence of NTBBF1ARROLB elements in the SlARF9 promoter 
sequence suggests that the transcriptional regulation of SlARF9 may not only depend on 
other ARFs, but also on Dof-like proteins.
Although we were unable to demonstrate whether the auxin responsiveness of the 
SlARF9 promoter was maintained in Arabidopsis, several tissues that were stained in the 
pSlARF9..uidA lines also displayed GUS activity in Arabidopsis DR5..uidA lines (Aloni et al., 
2006; Bai and DeManson, 2008). DR5 is a highly active synthetic AuxRE, and, when it is 
fused to the uidA gene, can be used to reflect concentrations of free auxin (Ulmasov et al., 
1997b; Sabatini et al., 1999). In seedlings of these two transgenic lines the stipules, the 
lateral root primordia and root tips were stained (Bai and DeManson, 2008). Furthermore, 
both lines displayed GUS activity in the sepals of the young flower buds, and the stigma 
(Aloni et al., 2006), indicating that the auxin responsiveness of the SlARF9 promoter was 
maintained in Arabidopsis. In tomato, pSlARF9..uidA lines, uidA was also expressed in the 
lateral root primordia and tips of the lateral roots of seedlings. Furthermore, the ovules 
displayed GUS activity shortly after pollination, which was also observed in Arabidopsis. 
These findings indicate that several of the regulatory elements present in the promoter of 
SlARF9 were also functional in Arabidopsis, suggesting that at least some of the regulatory 
elements involved in gene regulation are conserved among the different plant families.
In the promoter sequence of AtARF9, also several auxin-related cis-activating 
elements were identified. These elements were similar to those found in the promoter 
sequences of the highly auxin-inducible Aux/IAA genes. Nevertheless, our results indicated 
that the expression of AtARF9 is not auxin-inducible, but might be developmentally or stress 
regulated. However, pollen grains that were stained in the anthers of the pAtARF9..uidA lines
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also displayed GUS activity in Arabidopsis DR5..uidA lines (Aloni et al., 2006). Therefore, the 
AtARF9 expression might not be directly regulated by auxin, but may depend on the action of 
other, yet unidentified, factors that mediate auxin-related gene expression. Ulmasov (1999b) 
showed that AtARF9 was expressed in all major plant organs such as roots, rosette leaves, 
caulin leaves, and flowers. No expression was detected in the siliques. However, our results 
indicated that AtARF9 is expressed in the siliques, especially in the silique abscission zone. 
In this zone, also expression of AtARFI and AtARF2 was observed. These ARFs are 
involved in processes related to plant aging, such as leaf senescence and floral organ 
abscission (Ellis et al., 2005; Okushima et al., 2005a). Furthermore, AtARFI, -2 and -9 were 
found to be expressed in the stamen (Ellis et al., 2005), and both AtARF2 and -9 were 
expressed in the root vasculature of seedlings (Okushima et al., 2005a). Due to the overlap 
in tissue specificity, these ARFs may share redundant functions, which could be the reason 
why AtARF9 T-DNA insertion mutant lines did not show an obvious phenotype (Okushima et 
al., 2005b).
The differences in ARF9 expression between tomato and Arabidopsis support the 
hypothesis that the gene function of ARF9 between tomato and Arabidopsis has been 
diversified. Furthermore, the diversification in gene function could have also been mediated 
by changes in coding sequence since the similarity in amino acid sequence of SlARF9 and 
AtARF9 is only 49.7% (Chapter 4). The relevance of the amino acid composition could be 
demonstrated in an experiment, where SlARF9 is used to complement those AtARF9 mutant 
lines which displayed an altered gravitropic response (Roberts et al., 2007). We have tried to 
perform this experiment, but were unable to identify the Arabidopsis mutant phenotype as 
previously described by Roberts et al. (2007). In tomato, the function of ARF7 also appeared 
to have been diverged from its putative orthologue in Arabidopsis, 
ARF7/NONPHOTOTROPIC HYPOCOTYL 4 (NPH4). Arabidopsis arf7/nph4 mutants have 
defects in hypocotyl tropisms (Harper et al., 2000), whereas transgenic lines with reduced 
SIARF7 transcript levels formed fruits in absence of pollination (de Jong et al., 2009b). 
However, Arabidopsis arf8/fruit without fertilization (fwf) mutant lines also formed 
parthenocarpic siliques (Vivian-Smith et al., 2001), suggesting that AtARF8/FWF is the 
functional equivalent of SlARF7, both acting as a negative regulator of fruit set. These 
findings suggest that after the functional diversification of ARFs in different species, non- 
orthologous members of the ARF gene family may have acquired similar function.
Throughout this chapter, SIARF9 and AtARF9 were considered as putative 
orthologues based on sequence identity. However, sequence identity by itself is not sufficient 
to establish orthology. Eckardt (2003) described orthologues as genes from different species 
that have arisen from a common ancestor as a result of speciation. Therefore, it is important 
to understand the evolutionary background of gene families. The recently released whole
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tomato genome sequence (December 2009, The International Tomato Genome Sequencing 
Consortium) will allow us to identify all the members of the tomato ARF gene family, and will 
help to unravel the gene relationships between the ARF family members of tomato and 
Arabidopsis, providing more insight in the evolution, and thus, diversification of these 
transcription factors. Furthermore, the release of the whole tomato genome sequence will 
facilitate high throughput characterization and functional analysis of the tomato genes. The 
synteny and orthology are more conserved between closely related species (Choi et al., 
2004), and it will be less likely there has been a diversification in gene function within these 
species. Ideally each plant family that comprises crop species should be represented by at 
least one model species. Hence, the advanced sequencing technologies will contribute 
greatly to the implementation of the candidate gene approach. Regarding this aspect, 
Arabidopsis should not be considered as a general model for molecular plant sciences, but 
as a model plant for crop species within the family of Brassicaceae, whereas tomato could 
represent the crop species within the family of Solanaceae.
Experimental procedures
Plant materials and growth conditions
The Arabidopsis thaliana transgenic plants in Col-0 background were grown under 
standardized greenhouse conditions, with a temperature of 22°C and a 16 h light/8 h dark 
cycle. Seeds that resulted from floral dip transformation were sterilized by treatment with 
100% ethanol for 1 min and with a 2% hypochloride solution for 10 min. After rinsing three 
times with sterile distilled water, seeds were sown on % Murashige and Skoog (MS) culture 
medium, including Gamborg B5 vitamins, 0.05% (w/v) MES, 0.7% (w/v) phytoagar and 30 
mg L-1 kanamycin, pH 5.7. After 10 d incubation in a growth chamber (16 light/8h dark, 22°C), 
resistant plants were transferred to soil.
Tomato plants (Solanum lycopersicum L. cv. Moneymaker) were grown as previously 
described in de Jong et al. (2009b). To analyse the expression of the auxin response genes, 
ovaries of emasculated flowers were treated with 2 pL of 1 mM 4-Cl-IAA (Sigma-Aldrich, 
http://www.sigmaaldrich.com) in 2% ethanol. The treatment was repeated 6 h after the first 
application. Control flowers were collected at the stage of anthesis. The collected tissues 
were frozen in N2 and stored at -80°C until RNA extraction.
Plant transformation
To generate transgenic promoter::uidA lines, promoter fragments of SlARF9 (2200 bp, 
forward 5’-CACCTTTT CAAAGAGGT GT G ACATTTT CAAT AAC-3’; reverse 5’-
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CAACCTTCAATTCCAAAAACTAAAGAACACCC-3’) and AtARF9 (2466 bp, forward 5’- 
AAAAAGCAGGCTTGGTGGTGGGTTTTAAGGCATC-3’; reverse 5’-
AGAAAAGCTGGGTCACACAGTCTCTCTATCTCTCTCC-3’) were cloned into the 
pENTR™/D-TOPO or pDONR™221 entry vector (Invitrogen, http://www.invitrogen.com). 
Subsequently, the entry clones were recombined with the destination vector pKGWFS7 
(Karimi et al., 2002). These constructs were transformed into Agrobacterium tumefaciens 
strain EHA105 using freeze-thaw transformation (Chen et al., 1994). The transformation of 
Arabidopsis plants was performed using the floral dip method as described by Clough and 
Bent (1998).
Hormone response assay
To test the auxin responsiveness of the SlARF9 and AtARF9 promoters, 10-d-old seedlings 
and mature leaves of the Arabidopsis pSlARF9::uidA lines were incubated in 0.05% ethanol 
or 50pM indole-acetic-acid (IAA) in 0.05% ethanol. After 3 h and 9 h, the tissues were frozen 
in N2 and stored at -80°C until RNA extraction.
Real-time quantitative PCR
The total RNA was isolated and reverse transcribed to cDNA, following the protocol 
described in Chapter 3. Also for the real-time quantitative PCR, the same conditions were 
used as mentioned in Chapter 3. The sequences of the primers used for real-time 
quantitative PCR (Table S2) were obtained from de Jong et al. (2009b), Serrani et al. (2008), 
and Czechowski et al. (2005), or designed with a computer program (Beacon Designer 5.01, 
Premier Biosoft International, http://www.premierbiosoft.com).
Histochemical analysis of GUS activity
Tissues of adult plants (T1) and 10-d-old seedlings (T2) of the Arabidopsis pSlARF9::uidA 
and pAtARF9::uidA lines were submerged in GUS staining buffer containing 0.1% Triton X- 
100, 0.5 mM Fe2+CN, 0.5 mM Fe3+CN, 10 mM EDTA, 1 mg mL-1 X-Gluc, 0.1 mg mL-1 in 50 
mM phosphate buffer, pH 7.0. After incubation at 37°C, the tissues were cleared in 70% 
ethanol. The stained tissues were viewed under a stereomicroscope (Leica MZFL III, 
http://leica-microsystems.com). Images were made with a Leica digital camera (model DFC 
420C; Leica Microsystems).
Promoter analysis
The promoter sequences of SlARF9, AtARF9 (At4g2323980), AtIAA1 (At4g14560.1), AtIAA5 
(At1g15580.1), SlIAA2 (scaffold 06019, SGN) and SlIAA14 (scaffold 03668, SGN) including 
the 5’ untranslated regions of these genes were analyze using PlantCARE (Lescot et al.,
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2002, http://bioinformatics.psb.ugent.be/webtools/plantcare/html) and PLACE (Higo et al., 
1999, http://www.dna.affrc.go.jp/PLACE/).
Acknowledgements
We would like to thank Dr. Dolf Weijers and Dr. Eike Rademacher (Wageningen University, 
the Netherlands) for their help on the isolation of the AtARF9 promoter sequence. We are 
also grateful to Bernardus C.J. Schimmel for his technical assistance. Furthermore we would 
like to thank The International Tomato Genome Sequencing Consortium for the pre-release 
of the tomato genome.
Supporting information
Table S1. Auxin-related cis-acting regulatory elements.
Table S2. Primer sequences used for real-time quantitative PCR analysis.
104
Promoter analysis of SiARF9 and AtARF9
Supporting information
Table S1. Auxin-reiated cis-acting reguiatory eiements.
The 1500 bp 5’ upstream region of the tomato genes SiARF9, SiIAA2, SiIAA14, 
and the Arabidopsis genes AtARF9, AtIAA1, and AtIAA5 were analyzed by 
PlantCARE (Lescot et al., 2002) and PLACE (Higo et al., 1999). The position of 
the elements from the translation initiation site is indicated.
promoter element sequence +/- strand position
SiARF9 AuxRE TGTCNC + -1 393
AuxRE TGTCTN - -781
NTBBF1ARROLB ACTTTA + -1 11 7
NTBBF1ARROLB ACTTTA + -464
NTBBF1 ARROLB ACTTTA + -181
NTBBF1 ARROLB ACTTTA + -174
SiIAA2 AuxRE TGTCNC + -527
AuxRE TGTCTN + -846
AuxRE TGTCTN + -552
AuxRE TGTCTN - -51 3
CATATGGMSAUR CATATG + -819
CATATGGMSAUR CATATG + -218
NTBBF1 ARROLB ACTTTA + -1054
NTBBF1 ARROLB ACTTTA + -763
NTBBF1 ARROLB ACTTTA - -1034
NTBBF1 ARROLB ACTTTA - -1009
NTBBF1 ARROLB ACTTTA - -963
ASF1MOTIFCAMV TGACG + -1000
AuxRR-core GGTCCAT + -682
TGA-element AACGAC + -1 066
SiIAA14 AuxRE TGTCNC - -675
AuxRE TGTCTN - -366
NTBBF1 ARROLB ACTTTA + -1 087
AtARF9 AuxRE TGTCTC + -1169
AuxRE TGTCTC - -331
AuxRE TGTCTN + -596
AuxRE TGTCTN + -580
AuxRE TGTCTN - -494
NTBBF1 ARROLB ACTTTA + -114
NTBBF1 ARROLB ACTTTA - -829
TGA-element AACGAC + -1142
ASF1MOTIFCAMV TGACG + -1 205
ASF1MOTIFCAMV TGACG + -1188
ASF1MOTIFCAMV TGACG + -351
ASF1MOTIFCAMV TGACG + -339
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Table S1. (Continued from previous page.)
promoter element sequence +/- strand position
AtIAA1 AuxRE TGTCTC - -988
AuxRE TGTCTC - -321
AuxRE TGTCNC + -268
AuxRE TGTCNC + -257
AuxRE TGTCNC + -1 355
AuxRE TGTCNC + -1168
AuxRE TGTCTN - -1 345
AuxRE TGTCTN + -840
AuxRE TGTCTN + -804
AuxRE TGTCTN - -672
NTBBF1 ARROLB ACTTTA + -1 477
NTBBF1 ARROLB ACTTTA + -1 456
NTBBF1 ARROLB ACTTTA - -18
ASF1MOTIFCAMV TGACG - -214
AtIAA5 AuxRE TGTCTC + -104
AuxRE TGTCTN - -1 037
AuxRE TGTCTN + -482
AuxRE TGTCTN - -349
AuxRE TGTCTN + -31 9
NTBBF1 ARROLB ACTTTA - -422
NTBBF1 ARROLB ACTTTA - -64
NTBBF1 ARROLB ACTTTA - -48
ASF1MOTIFCAMV TGACG + -1 053
ASF1MOTIFCAMV TGACG + -573
ASF1MOTIFCAMV TGACG - -1 045
TGA-element AACGAC - -373
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Table S2. Primer sequences used for real-time quantitative PCR analysis.
Gene
accession number Forward (F) and reverse (R) primer sequences From
SlActin 2/7 (ref.) 
SGN-U213132b
F 5'-GGACTCTGGTGATGGTGTTAG-3' 
R 5'-CCGTTCAGCAGTAGTGGTG-3'
de Jong et al. (2009b) The Plant 
Journal 57, 160-170
SIARF9
BT013639a
F 5'-CGTAGGCGTCAACAAATACTTAGAGG-3'
R 5'-TCCACTGT GAAGAAAGATCATCAATTCC-3'
SIIAA2
AF022013a
F 5'-TACAAAAGTTATCCACAATTACTC-3'
R 5'-GGTATATAATTACATCCGTTGTATC-3'
Serrani et al. (2008) The Plant 
Journal 56, 922-934
SIIAA14
BE462113a
F 5'-AGATGTTTAGCTCCTTTACTAATG-3' 
R 5'-GTTGGTACATATTCAGAACTGTTA-3'
Serrani et al. (2008) The Plant 
Journal 56, 922-934
GUS F 5'-CTCCTACCGTACCTCGCATTAC-3' 
R 5'-CCGTTGACTGCCTCTTCGC-3'
AtUBC (ref.) 
BT025616a
F 5'-ATGCTTGGAGTCCTGCTTGG-3' 
R 5'-TGCCATTGAATTGAACCCTCT-3'
Czechowski et al. (2005) Plant 
Physiology 139, 5-17.
AtARF9
AF344312a
F 5'-AGAAGCCATGAGCAATAAGTTCTCTGTAGG-3' 
R 5'-GGGAGCAGTCTTTCACACCAATAACC-3'
AtIAA1
L15448a
F 5'-AAGGACACAGAGCTTCGTTTGGG-3' 
R 5'-GCAGGAGGAGGAGCAGATTCTTC-3'
AtIAA5
U18407a
F 5'-CGTCGTCTCCGGTGAGTCCATC-3'
R 5'-TGGTCCGTTCGAGACTGTTCTTTC-3'
a GenBank accession number
b SOL Genomics Network EST identifier, http://www.sgn.cornell.edu
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After successful completion of pollination and fertilization, the quiescent ovary transforms into 
a rapidly growing fruit. In tomato (Solanum lycopersicum L.), the first period of growth mainly 
depends on cell division, which lasts 10-14 days. This period is followed by 6-7 weeks, in 
which the fruit mainly grows through cell expansion. At the end of the cell expansion period, 
the fruit has reached its final size and will start to ripen. It has been well established that the 
molecular, biochemical and structural changes that occur during these separate phases of 
fruit development are controlled by phytohormones such as auxin, gibberellin, cytokinin, 
abscisic acid and ethylene (Nitsch, 1970; Gillaspy et al., 1993; Ozga and Reinecke, 2003). In 
the past, the regulation of the ripening process gained most attention (Theologis, 1992; 
Theologis et al., 1992; Alba et al., 2005). Ripening is from the commercial point of view 
considered as one of the most important phases of fruit development. However, from the 
agricultural point of view, understanding the regulatory mechanisms that control the fruit set 
is just as important (Gillaspy et al., 1993). Therefore, in the past few years, the initial phase 
of the fruit developmental programme received increasingly more interest (Olimpieri et al., 
2007; Serrani et al., 2008; Vriezen et al., 2008; Dorcey et al., 2009; Ozga et al., 2009; 
Pascual et al., 2009).
The hormones auxin and gibberellin (GA) play important roles in various aspects of 
flower and fruit development. In principle, the flower development could be considered as the 
first phase of the fruit developmental programme, as proper flower development is essential 
for normal fruit growth. After the transition to flowering has occurred, flower development 
starts with the formation of flower primordia, which is mediated by differences in auxin 
concentration in the apical meristem (Cheng and Zhao, 2007). Subsequently, the floral 
meristem will develop in one single flower consisting of four types of floral organs: the sepals, 
petals, stamens and the specialized carpel structure that will develop into a fruit. This 
specification is mediated by the action of homeotic genes (Coen and Meyerowitz, 1991). 
Once the floral organ identity has been established, GA promotes the continuous 
maintenance of floral homeotic gene expression which is important for normal flower 
development (Yu et al., 2004). When the young floral bud develops into a mature flower, 
many cell divisions occur in the ovary. However, at anthesis, this cell division activity is 
reduced due to decreased levels of auxin and GA. At the same time, continued ovary growth 
is also actively repressed by negative acting factors to prevent the development of the ovary 
into a fruit prior to pollination and fertilization. It seems likely that these factors are derived
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from the other floral whorls, since transgenic or mutant tomato lines with aberrant flower 
morphology produce seedless (parthenocarpic) fruit (Mazzucato et al., 1998; Ampomah- 
Dwamena et al., 2002). Moreover, fruit growth seems also to be actively repressed by 
negative acting factors that are present in the mature ovary itself. One of these factors is the 
hormone abscisic acid (ABA). The genes involved in the biosynthesis of this hormone were 
strongly expressed in the unpollinated ovary, suggesting that the ABA concentrations are 
high to restrain cell division. Subsequently, the expression of these genes rapidly decreased 
after pollination, whereas genes involved in the breakdown of ABA were strongly induced. As 
a consequence, the concentrations of ABA will be reduced in the pollinated ovary, releasing 
the ovary from its repression (Vriezen et al., 2008, Nitsch et al., 2009). One other negative 
factor is Solanum lycopersicum AUXIN RESPONSE FACTOR 7 (SlARF7). As described in 
Chapter 2, we generated transgenic plants, in which SlARF7 transcript levels were reduced 
by RNA interference (RNAi) approach. These plants formed parthenocarpic fruits. The 
transcript levels of this new member of the tomato ARF gene family, representing a family of 
transcription factors that specifically control auxin-dependent developmental processes 
(Guilfoyle and Hagen, 2007), was high in unpollinated mature ovaries, but decreased after 
pollination. Interestingly, the transcript levels of SlARF7 were also reduced in unpollinated 
ovaries treated with auxin. The current models on tomato fruit set (Gorguet et al., 2008; 
Serrani et al., 2008; Vriezen et al., 2008) suggest that auxin acts as an early post-pollination 
signal that originates in the ovule or its surrounding tissues upon successful fertilization. 
Subsequently, this auxin signal is translated to auxin responses such as cell division, and to 
cross-talk with other hormones such as GA. It seems likely that the decrease of SlARF7 is 
part of this signal that releases the pollinated ovary from putative growth-restraining factors 
resulting in the initiation of the fruit developmental programme.
Both auxin and gibberellin act as important regulators of fruit development. The 
application of either one of these hormones on ovaries leads to fruit set without the need for 
pollination and fertilization, resulting in the formation of parthenocarpic fruit (Gustafson, 1936; 
Wittwer et al., 1957; Gustafson, 1960; Bunger-Kibler and Bangerth, 1982; Serrani et al., 
2007a). However, Serrani et al. (2008) showed that auxin-induced fruit development was 
significantly reduced by the simultaneous application of GA biosynthesis inhibitors, 
suggesting that the effect of auxin is mediated by GA. This hypothesis was supported by the 
transcript levels of the GA biosynthesis genes, which are all up-regulated after pollination 
(Rebers et al., 1999; Serrani et al., 2007b), but also in auxin-treated ovaries (Serrani et al., 
2008). In addition, the transcript levels of the GA-inactivating enzymes were found to be 
lower in pollinated or auxin-treated ovaries, also leading to higher levels of active GA 
(Serrani et al., 2008). Altogether, these data indicate that auxin and GA successively 
regulate tomato fruit development. However, the GA metabolites that are present in
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pollinated ovaries differ from those in auxin-treated ovaries (Serrani et al., 2008). This 
difference implies that, although auxin may act as one of the first signals to trigger fruit 
development, the signal transduction pathways induced by pollination and fertilization do not 
form a single linear cascade via auxin to GA. It is likely that, after pollination and fertilization, 
the growth stimulating signal is partially transduced independently of auxin to stimulate GA 
biosynthesis.
Auxin and GA have different effects on cell division and cell expansion. Treatments of 
unpollinated ovaries with auxin resulted in the formation of fruits with a higher number of 
pericarp cells, whereas the pericarp of GA-treated fruits contained fewer but bigger cells 
(Bunger-Kibler and Bangerth, 1982; Serrani et al., 2007a). These findings indicate that cell 
division and cell expansion are co-ordinated by a delicate balance between the two 
hormones to sustain normal fruit development. In general, the biosynthesis of hormones is 
subjected to feedback regulation and crosstalk with other hormones (Hedden and Phillips 
2000b), which allow tight regulation of hormone levels. However, once the signalling cascade 
that promotes fruit growth has been initiated, regulation at the level of biosynthesis might not 
be sufficient to control the fruit developmental programme and regulation at the level of 
hormonal response is required. The fruits produced by the RNAi SlARF7 lines displayed 
several characteristics similar to those of auxin- and GA-induced fruits, suggesting that the 
auxin and GA responses in the RNAi SlARF7 fruits were increased. Therefore, as shown in 
Chapter 3, we analysed the transcript levels of auxin- and gibberellin-responsive genes 
during the early stages of fruit development. The relative mRNA levels of the auxin- 
responsive gene SlGH3-like were strongly increased in the RNAi SlARF7 fruits. In contrast, 
transcript levels of the auxin-induced genes SlARF9, SlIAA2, and SlIAA14, which normally 
increase after pollination, were not induced in the transgenic lines. These findings suggest 
that with the silencing of SlARF7 only part of the auxin signalling pathway is enhanced. 
Despite the morphological similarities between gibberellin-treated and RNAi SlARF7 fruits, 
the gibberellin content in the transgenic fruits was strongly reduced compared to that in 
seeded fruits. Nevertheless, the expression of the gibberellin-response gene SlGAST1 was 
substantially higher in the SlARF7 silenced plants. In all, these findings support the 
hypothesis that a minimum level of SlARF7 protein is necessary to moderate the responses 
to auxin and GA during fruit development.
The expression of another member of the tomato ARF gene family, SlARF9, was 
found to rapidly increase in the ovules, placenta and pericarp after pollination. In Chapter 4, 
we demonstrated that transgenic SlARF9 over-expression lines formed smaller fruits than 
wild-type plants. In contrast, fruits of transgenic lines with reduced SlARF9 transcript levels 
were statistically significantly bigger than wild-type fruits. Microscopic analysis showed that 
this increase in fruit size was caused by an increase in cell division activity during the early
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stages of fruit development. These findings indicate that SlARF9 acts as a repressor of cell 
division during fruit growth, a process regulated by auxin. Therefore, our results indicate that 
both SlARF7 and SlARF9 act as modulators of auxin responses during tomato fruit 
development. Like SlARF9, two other auxin-related genes, such as SlIAA2 and SlIAA14, 
encoding transcriptional repressors that regulate the expression of auxin responsive genes, 
were found to be induced by pollination (Vriezen et al., 2008). In general, the proteins 
encoded by these AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) genes are rapidly degraded in 
the presence of auxin (Gray et al., 2001). Despite their rapid turnover, the transcriptional 
activation of these Aux/IAAs in pollinated ovaries suggests that a minimum level of Aux/IAAs 
is required in order to create a negative feedback loop in the auxin signal transduction 
pathway. All together, the ARF and Aux/IAA modulators may enable the plant to fine tune the 
strength of the auxin responses during fruit growth. In addition, these regulators may 
modulate the cross-talk between auxin and GA. In future, the identification of the target 
genes from these transcription factors may provide more insight in the regulatory 
mechanisms that control fruit set and development. This research will be facilitated by the full 
genome sequence of tomato that recently has been released. However, what might be more 
interesting is to identify the regulators of the two ARF genes as an attempt to get one step 
closer to the actual signal for fruit set.
Auxin and GA are general growth factors involved in many developmental processes 
throughout the plant. Furthermore, most of the putative regulators of tomato fruit set and 
development that have been identified so far, are common signalling components of these 
hormones. SlARF9, for example, is not only expressed in the fruit, but also in several other 
tissues including the axillary meristems, root tips and lateral root primordia of seedlings. In 
Chapter 5, we analysed the promoter of this gene which led to the identification of several 
auxin-related cis-acting elements that were also found in the promoters of several other non­
fruit-specific genes. Also the comparative transcriptome analysis between developing fruit 
and other plant organs, performed by Lemaire-Chamley et al. (2005), did not result in the 
identification of fruit-specific genes. These findings raise the question how a general 
developmental process, such as growth, can be subordinate to pollination and fertilization, as 
it is the case in fruit set, and can result in the formation of a highly specialised structure as 
the fruit. Although the identified signalling components are not exclusive for fruit 
development, their interaction with other transcription factors might determine their specific 
action in this process. In turn, this combination of transcription factors may result in the 
tissue-specific regulation of gene activity, both in time and intensity, once more 
demonstrating the complexity and beauty of the regulatory network that controls tomato fruit 
set and development.
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Samenvatting
In zijn boek On the origin of species (4th ed., 1866) beschreef Charles Darwin de vrucht als 
een vlezige envelop die bijdraagt aan de verspreiding van zaden. Vanuit dit perspectief is de 
evolutie van het vruchtblad (de carpel) een van de kenmerken die heeft bijgedragen aan het 
evolutionaire succes van de angiospermen - de bedektzadigen of bloemplanten - om de 
grootste groep van landplanten te worden. In de angiospermen is het vruchtblad, het 
vrouwelijk voortplantingsorgaan, gedifferentieerd in drie delen: de stempel, de stijl en het 
vruchtbeginsel (ovarium) dat de zaadbeginsels omsluit. Wanneer de bloem is bestoven en 
bevruchting heeft plaatsgevonden, ontwikkelen de zaadbeginsels (ovules) tot zaad en het 
vruchtbeginsel tot vrucht. Dit proces gaat gepaard met moleculaire, biochemische en 
structurele veranderingen, die strikte coördinatie vereisen. Afhankelijk van de 
ontwikkelingsfase van de vrucht worden deze veranderingen gecontroleerd door hormonen, 
zoals auxine, gibberelline, cytokinine, abscisinezuur en ethyleen. In het verleden richtte het 
wetenschappelijk onderzoek zich voornamelijk op de laatste fase van de vruchtontwikkeling, 
de rijping, welke vanuit commercieel oogpunt het meest interessant is. Voor de agricultuur is 
het echter net zo belangrijk om te begrijpen welke moleculaire mechanismen de 
vruchtzetting reguleren. Daarom is er in de afgelopen jaren steeds meer aandacht aan 
besteed.
De initiatie van de vruchtontwikkeling is afhankelijk van positieve groeifactoren. Deze 
factoren worden waarschijnlijk tijdens of na de bestuiving en fertilisatie gegenereerd door de 
pollenkorrels of door het vruchtbeginsel als reactie op de kieming van de pollenkorrels, de 
pollenbuisgroei, of de fusie van de gameten in de embryozak. Mogelijk behoren auxine en 
giberelline tot de positieve groeifactoren. De applicatie van een van deze hormonen op een 
onbestoven vruchtbeginsel resulteert in de vorming van een vrucht zonder zaden 
(parthenocarp). Bovendien hebben verschillende studies aangetoond dat na bestuiving de 
concentraties van beide hormonen in het vruchtbeginsel toenemen en dat de expressie van 
auxine en gibberelline response genen sterk wordt geïnduceerd. Maar tot op heden zijn de 
betrokken moleculaire signaalroutes van auxine en gibberelline grotendeels onbekend. Dit 
proefschrift beschrijft de functionele karakterisering van twee AUXINE RESPONSE 
FACTOREN (ARFs) die differentieel tot expressie komen tijdens de vruchtzetting van tomaat 
(Solanum lycopersicum). Deze ARFs vertegenwoordigen een gen familie van 
transcriptiefactoren die auxine-afhankelijke ontwikkelingsprocessen controleren. De 
resultaten hebben geleid tot nieuwe inzichten in het regulerende netwerk dat vruchtzetting en 
vruchtontwikkeling controleert.
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In Hoofdstuk 1 wordt een overzicht gegeven van hetgeen tot nu toe bekend is over 
de rol van auxine en gibberelline in de vruchtzetting van tomaat. De studies die in dit 
hoofdstuk worden besproken, laten zien dat beide hormonen een verschillend effect hebben 
op celdeling en celexpansie, en dat normale vruchtontwikkeling dus afhankelijk is van een 
delicate balans tussen de twee hormonen. Daarnaast blijkt dat de meeste componenten uit 
de signaalroutes van auxine en gibberelline die tot dusver zijn geïdentificeerd, functioneren 
als remmer. Deze bevindingen suggereren dat de ontwikkeling van het vruchtbeginsel in een 
vrucht actief wordt geremd wanneer geen bestuiving en fertilisatie plaatsvindt ter voorkoming 
van parthenocarpe vruchtgroei, wat een verspilling van energie zou zijn voor de plant. De 
resultaten van de karakterisering van Solanum lycopersicum ARF7 (SlARF7), beschreven in 
Hoofdstuk 2, laten zien dat SlARF7 mogelijk ook als remmer van vruchtzetting functioneert. 
SlARF7, de ortholoog van Arabidopsis thaliana ARF7/NON PHOTOTROPHIC HYPOCOTYL
4 (AtARF7/NPH4), is een nieuw lid van de tomaten ARF gen familie. Normaal is het mRNA 
niveau van dit gen hoog in de onbestoven vruchtbeginsels en neemt sterk af binnen 4B uur 
na bestuiving wanneer de vruchtontwikkeling is geïnitieerd. Maar transgene planten waarin 
de SlARF7 mRNA niveaus zonder bestuiving al zijn gereduceerd door middel van RNA- 
interferentie (RNAi) produceerden parthenocarpe vruchten onafhankelijk van bestuiving en 
fertilisatie.
De parthenocarpe vruchten van de RNAi SlARF7 planten waren hartvorming. 
Bovendien hadden deze vruchten een dikke vruchtwand in vergelijking met wildtype vruchten 
door verhoogde celexpansie. Deze karakteristieken komen overeen met die van auxine en 
gibberelline behandelde vruchten, wat suggereert dat de auxine en gibberelline responsen in 
de RNAi SlARF7 vruchten zijn verhoogd. Om te controleren of SlARF7 daadwerkelijk de 
signaalroutes van auxine en gibberelline beïnvloedt, zijn in Hoofdstuk 3 de expressie 
niveaus van diverse auxine en gibberelline response genen geanalyseerd in de 
ontwikkelingsstadia voor en na de initiatie van vruchtgroei. De mRNA niveaus van het auxine 
response gen SlGH3 bleken in de transgene vruchten hoger te zijn dan in de wildtype 
vruchten. Daarentegen waren de expressie niveaus van de auxine induceerbare genen 
SlARF9, SlIAA2, en SlIAA14, die normaal toenemen na bestuiving, niet geïnduceerd in de 
transgene lijnen. En ondanks de morfologische overeenkomsten tussen gibberelline 
behandelde en RNAi SlARF7 vruchten, bleek de concentratie gibberelline in de transgene 
vruchten juist lager te zijn dan in bestoven vruchten. Desalniettemin waren de mRNA 
niveaus van het gibberelline response gen SlGAST1 aanzienlijk hoger in de transgene 
planten. Deze bevindingen ondersteunen de hypothese dat SlARF7 functioneert als regulator 
van vruchtzetting en vruchtgroei door als modulator van de auxine en gibberelline responsen 
op te treden.
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Hoofdstuk 4 beschrijft de functionele karakterisering van SlARF9, de ortholoog van 
AtARF9. De mRNA niveaus van deze ARF zijn laag in het vruchtbeginsel, maar nemen sterk 
toe na bestuiving. Om meer inzicht te krijgen in welke weefsels SlARF9 tot expressie komt, 
werd de promotorsequentie van SlARF9 gekoppeld aan een marker gen en geïntroduceerd 
in tomaat. Naast de vrucht, bleek de SlARF9 promotor ook actief te zijn in andere weefsels, 
waaronder axillaire meristemen, worteltopjes en laterale wortel primordia van zaailingen. Dit 
zijn allemaal weefsels waarin veel celdelingen plaatsvinden. Transgene planten met 
verhoogde SlARF9 mRNA niveaus produceerden vruchten die kleiner waren dan wildtype 
vruchten, terwijl de vruchten van de RNAi SlARF9 lijnen juist statistisch significant groter 
bleken te zijn. Na microscopische analyse bleek dat de RNAi SlARF9 vruchten groter zijn 
door een toename van het aantal celdelingen in de vruchtwand. Deze resultaten suggereren 
dat SlARF9 functioneert als modulator van celdeling tijdens de vruchtgroei. In Arabidopsis 
daarentegen, is ARF9 mogelijk betrokken bij de gravitropische response en ontwikkeling van 
de suspensor. Mogelijk is de functie van de ARF9 orthologen in Arabidopsis en tomaat 
gedivergeerd. In Hoofdstuk 5 zijn de promotoren van de twee ARF9 genen geanalyseerd. 
Beide promotor sequenties bleken auxine-gerelateerde cis-regulerende DNA elementen te 
bevatten die ook in auxine response genen zijn aangetroffen. In tomaat resulteerde 
behandeling van het vruchtbeginsel met auxine in verhoogde expressie van SlARF9, maar in 
Arabidopsis had de behandeling van blad of zaailingen met auxine geen invloed op de 
expressie van AtARF9. Daarnaast werden de promotoren van beide ARF genen gefuseerd 
aan een marker gen en geïntroduceerd in Arabidopsis. Sommige weefsels die aankleurden 
in de Arabidopsis pSlARF9..uidA lijnen waren ook aangekleurd in de pSlARF9..uidA lijnen 
van tomaat, hetgeen aantoont dat de promotor van SlARF9 functioneel is in Arabidopsis. 
Echter, deze expressiepatronen komen niet overeen met die van de Arabidopsis 
pAtARF9..uidA lijnen. Deze data suggereren dat de diversificatie in ARF9 functie mede 
veroorzaakt wordt door een verschil in regulatie van expressie.
In Hoofdstuk 6 worden de resultaten uit de verschillende hoofdstukken samengevat 
en bediscussieerd vanuit een breder perspectief. Het belangrijkste punt dat in deze discussie 
naar voren wordt gebracht is dat auxine en gibberelline algemene groeifactoren zijn, die 
betrokken zijn in veel verschillende ontwikkelingsprocessen van de plant. Bovendien zijn de 
meeste regulatoren van vruchtzetting en vruchtgroei die tot dusver zijn geïdentificeerd niet 
specifiek voor de vrucht, hetgeen leidt tot de vraag hoe een algemeen ontwikkelingsproces 
zoals groei afhankelijk kan zijn van bestuiving en fertilisatie en kan resulteren in de vorming 
van een zeer gespecialiseerde structuur zoals de vrucht. Ook al zijn de betrokken 
componenten op zichzelf niet exclusief voor de vrucht, hun interactie met andere factoren is 
dat mogelijk wel.
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